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ABSTRACT 
COMPARATIVE ANALYSIS OF SUGAR-BIOSYNTHESIS PROTEINS OF 
SORGHUM STEMS AND THE INVESTIGATION OF THEIR ROLE IN 
HYPEROSMOTIC STRESS TOLERANCE 
 
A.P. Njokweni 
PhD Thesis, Department of Biotechnology, University of the Western Cape. 
Sorghum bicolor (L.) Moench is an important cereal crop currently explored  
as a potential bio-energy crop due to its stress tolerance and ability to ferment 
soluble sugars. Physiological studies on sorghum varieties have 
demonstrated that part of drought tolerance is attributed to sugar 
accumulation in the sorghum stems. Despite the agronomic advantages of 
sorghum as a bio-energy crop, more research efforts towards the molecular 
elucidation of sorghum traits that confer drought tolerance are necessary. 
Particular focus on traits, which could potentially contribute to an efficient bio-
energy production under environmental constraints, would be an added 
advantage. This study examined the role of sugar biosynthesis proteins in 
conferring tolerance to drought-induced hyperosmotic stress, and ultimately 
osmotic adjustment in sorghum varieties. Sorghum bicolor (L.) Moench 
varieties (ICSB338, ICSB73, ICSV213 and S35) with different levels of 
drought tolerance, were grown under watered conditions until early anthesis 
after which, a 10-day water deficit period was introduced. 
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Control (well-watered) and stressed plants were harvested and used to 
evaluate plant growth, water retention, chlorophyll content, metabolic profiles, 
and enzymatic activity of sucrose biosynthesis enzymes. GC-MS based 
metabolic profiling approach was used to determine the changes in the stem 
metabolome with stress induction. HPLC analysis was carried out to 
determine the total soluble sugar content in the stems in all four varieties.  
Q-PCR was used to determine the levels of mRNA expression of sucrose 
biosynthesis genes in control and stressed plants. Furthermore, two-
dimensional gel electrophoresis (2DE) coupled with mass spectrometry was 
used to identify stress responsive proteins in sorghum plants. A significant 
reduction in soil water content was observed. As a consequence leaf water 
content, total chlorophyll content and plant biomass was also reduced.  
Metabolite analysis revealed a higher abundance of soluble sugars compared 
to the free amino acid pool, which suggested that osmotic adjustment under 
stressed conditions was more attributed to sugar content. From a detailed 
soluble sugar analysis, an increase in total soluble sugars (brix) and hexose 
concentrations (glucose and fructose) was observed followed by a decrease 
in sucrose and starch levels in all four sorghum varieties. Gene (mRNA) 
expression analysis showed an up regulation of sucrose-biosynthesis genes 
as a consequence of drought stress. However, a direct correlation between 
the soluble sugar levels and mRNA expression was only evident in ICSV213, 
indicating that only this variety was responsive to hyperosmotic stress.  
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Contrary to the observations made in ICSV213, there was no direct 
correlation between soluble sugars and the mRNA expression for ICSB338. 
Therefore, ICSV213 was regarded as the most responsive variety to drought- 
induced hyperosmotic stress induction and ICSB338 the least responsive 
variety. A comparative proteome analysis between ICSV213 and ICSB338 
confirmed the presence of proteins associated with other metabolic pathways 
that modulate sugar biosynthesis. Fourteen well resolved CBB stained protein 
spots were positively identified using mass spectrometry. These spots were 
classified in different functional categories including carbohydrate metabolism 
(57.2%), amino acid metabolism (14.3%), disease/defense (14.3%), protein 
synthesis (7.1%), and signal transduction (7.1%). Contrasting expression 
patterns were observed between the two varieties with two stress-related 
proteins being up-regulated in variety ICSV213 and down-regulated in 
ICSB338. The results of this study suggest that the differential regulation of 
sucrose biosynthesis proteins for ICSB338, ICSB73 and S35 could be related 
to the physiological requirements of plant cells during environmental stress 
conditions rather than osmotic adjustment. The synergism observed between 
the transcriptome and proteome of ICSV213 under water limited conditions 
indicated a response to drought-induced hyperosmotic stress. These findings 
highlight the potential role of this variety in genetic engineering studies for 
increased sugar content for bio-energy production under adverse conditions.   
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CHAPTER 1 
Literature Review 
 
1.1 Introduction 
 
There is great pressure for the production of agricultural crops with higher 
yield and stability. This is in order to keep pace with the demands of an 
increasing human population; the need for renewable energy sources; and the 
uncertain climatic changes (Slewinski, 2012; Khan and Hanjra, 2009). 
Due to their sessile nature, plants require an efficient response to 
environmental changes. They have thus acquired different response 
mechanisms via physiological, biochemical and molecular processes that act 
in coordination to execute stress responses (Wang et al., 2004; Gill et al., 
2001). Plant adaptation to abiotic stresses is associated with metabolic 
adjustments that lead to the accumulation of organic solutes including 
carbohydrates and amino acids. These solutes play important roles as 
osmoprotectants in cell biochemical functions and maintenance of cell 
structural components (Valliyodan and Nguyen, 2006). 
 
The regulation of carbohydrate metabolism by abiotic stresses has been 
reported in a variety of plants (Rosa et al., 2009; Mohammadkhani and 
Heidari, 2008; Gupta and Kaur, 2005). However, research on gene 
transcriptional and translational regulations of sucrose biosynthesis genes 
under stressed conditions is still limited (Murray et al., 2008; Tarpley and 
Vietor, 2007; Roitsch 1999).   
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Amongst the carbohydrate metabolites, sucrose is considered to be the main 
source of carbon and energy in the plant sink tissues (Qazi et al., 2012), and 
a valuable substrate for bio-energy production (Abramson et al., 2010; 
Waclawovsky et al., 2010). Therefore, further studies on sucrose biosynthesis 
genes are pivotal for increasing bio-energy production. Such studies would 
provide a better understanding of the dynamics of whole-plant carbohydrate 
partitioning under adverse conditions, not only for the development of stress 
tolerant cultivars, but also for increased plant productivity (Ibraheem et al., 
2011; Fischer and Edmeads, 2010). 
 
Sorghum has come under the spotlight as a potential bio-energy crop due to 
its cultivation under temperate and tropical conditions (Amuda and 
Balasabramani, 2011; Massaci et al., 1996). It also has multi-purpose uses as 
food for humans, animal feedstock and as a fermentable crop 
(Audilakshmi et al., 2010; Rooney et al., 2007). Sorghum, like other plants 
contains a number of sucrose metabolism genes (Qazi et al., 2012). 
However, their roles and regulation under adverse environmental conditions 
still remain undetermined. The complete sequencing of the sorghum genome 
together with the use of new “omics” approaches, such as transcriptomics, 
proteomics and metabolomics, has created a platform for further research into 
networks of interactions between genes, proteins and metabolites involved in 
stress response mechanisms. Moreover, this will facilitate the development of 
stress tolerant transgenic sorghum plants (Hayward, 2014; Urano et al., 2010; 
Paterson et al., 2009).   
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This review thus focuses on the role of sucrose as an osmoprotectant. 
It also highlights the significance of “omics” approaches in investigating the 
potential role of the sucrose metabolic pathways to optimize carbohydrate 
partitioning for increased productivity under adverse environmental conditions.   
 
1.2 Carbohydrate metabolism of C4 plants 
 
Agricultural important crops such as sorghum, maize, sugarcane, etc., are 
involved in the C4 photosynthesis pathway. This attribute allows these crops 
to produce and accumulate high nutritional value photoassimilates, such as 
sucrose and starch (Shakoor et al., 2014; Lawrence and Walbot, 2007).  
The C4 cycle has evolved to prevent plant photorespiration by maintaining 
high CO2 concentrations, thus enhancing carbohydrate production  
(Sage, 2004). The key feature of this pathway is its compartmentation 
between two photosynthetic cell types: the mesophyll and bundle sheath cells.  
Carbon dioxide is initially fixed in the mesophyll cell by phosphoenolpyruvate 
carboxylase (PEPC) forming a C4-oxaloacetic acid, which is converted to 
malic or aspartic acid and transported to bundle sheath cells (Lunn, 2007).  
In the bundle sheath malic/aspartic acid is decarboxylated into pyruvate by 
the chloroplastic NADP-malic enzyme, mitochondrial NAD-malic enzyme or 
cytosolic PEP carboxylase enzyme. This is followed by the release of CO2, 
which is refixed by ribulose bisphosphate carboxylase-oxygenase (Rubisco; 
Sage, 2004; Edwards et al., 2004). The pyruvate is returned to the mesophyll 
cell where it is converted back to PEP or into CO2.  
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The PEP then enters the Calvin cycle and is reduced to carbohydrates such 
as starch, cellulose or sugars depending on the needs of the plant (Smith and 
Stitt, 2007). The translocation of osmotically active sugars and sugar alcohols, 
from photosynthetic source tissues to non-photosynthetic sink tissues forms 
the major component of carbohydrate metabolism (Dinant and Lemoine, 
2010; Chaves et al., 2003). These metabolites aid the plant in making 
physiological adjustments, or developmental responses based on nutrient 
availability and environmental constraints.  
 
1.3 Mechanisms of sucrose transport in C4 plants   
1.3.1 Phloem loading strategies  
 
Sucrose is the predominant photosynthetic byproduct and also serves as the 
major sugar translocated in higher plants (Wind et al., 2010; Rolland et al., 
2006; Roitsch, 1999). From the leaf tissues where sucrose is synthesized, it 
diffuses towards the plant vascular system where it is then transported into 
the phloem tissue through the sieve-element-companion cell complex  
(SE-CCC; Truernit, 2001). The high solute content in the phloem sap, due to 
active sucrose loading, results in a high osmotic pressure in the SE-CCC, 
compared to the leaf mesophyll cells. This process is known as phloem 
loading. This helps in the maintenance of a concentration gradient and 
consequently sink strength (Rolland et al., 2006). From the phloem tissues, 
sucrose is unloaded into the apoplasmic space where it can be taken up into 
the sink cells and stored in the vacuoles of storage cells (Lemoine, 2000). 
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Alternatively, sucrose is cleaved by invertase to hexoses, which are then 
transported by specific carriers and used for sink growth of plant meristems 
and developing organs (Amin et al., 2010, Dinant and Lemoine 2010). 
 
There are two principal pathways of sucrose transportation into the phloem 
cells: (i) active transport (apoplastic loading) and (ii) passive transport 
(symplastic loading). In apoplastic loading, sucrose is released from the 
mesophyll cells and is actively taken up by sucrose transporters into the 
phloem tissues. Symplastic loading entails the passing of sucrose from cell to 
cell via plasmodesmata from source tissues to the SE-CCC, which makes up 
the phloem (Figure 1.1; Dinant and Lemoine, 2010; Turgeon and Wolf, 2009; 
Lalonde et al., 2003). The extent to which plants use either of these two 
pathways depends on the abundance of the plasmodesmatal connections 
between the source and phloem tissues, and also on the location, activity and 
specificity of sucrose transporters (Slewinski and Braun, 2010; Lemoine, 
2000). In many plant species, sugars are translocated via the apoplastic route 
(Figure 1.1), which requires the activity of specific sugar transporters.  
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Figure 1.1: The path of sugar transport from source to sink tissues in an apoplasmic loader. 
From mesophyll cells (ME), sucrose and other sugars are transported through 
plasmodesmatal connections to the phloem parenchyma cells (PPA) and subsequently taken 
up at the SE-CCC complex by a sugar transporter (yellow circles) energized by a proton 
pump ATPase. PI: half-bordered pit, CC: companion cells, ST: sieve tube. This picture was 
adapted from Dinant and Lemoine (2010) 
  
1.3.2 Roles and regulation of sucrose transporters 
 
Due to metabolic compartmentation, plant systems require a host of plasma 
membrane transporters to move metabolites around the cells. 
These transporters facilitate plant cells in fulfilling part of their nutritive 
requirements, control long distance transport and assist in responses to 
environmental signals (Ibraheem et al., 2008; Rae et al., 2005; Li et al., 2003). 
Among the major facilitator superfamily (MFS), sucrose transporters play a 
major role in carbohydrate partitioning.  
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These transporters control the long distance transport of sucrose generated in 
source leaves to sink organs where it is either utilized or stored 
(Lalonde et al., 2004). Many sucrose transporters have been shown to 
function as proton-symporters using a transmembrane proton gradient to drive 
sucrose transport (Resimer et al., 1992).  
 
An important step towards understanding the importance of sucrose 
transporters in plants was made when the first plant sucrose transporter 
SoSUT1, from spinach (Spinacea oleracea), was functionally identified using 
a yeast complementation strategy. This transporter has become instrumental 
for the development of our current understanding of transport mechanisms 
(Reismeier, 1993; Reismeier et al., 1992). To date, a number of sucrose 
transporters have been characterized (Kuhn and Grof, 2010). Though they all 
transport sucrose, they have a number of distinct functions, which are 
attributed to differences found in their cellular location, kinetic properties, 
substrate specificity and expression patterns (Kuhn and Grof, 2010). 
For example, they are involved in carbohydrate uptake from the apoplast, play 
a role in sugar sensing, and may be essential for the uptake of other 
substances (Turgeon and Wolf, 2009; Gibson, 2005). Sucrose transporters 
have been categorized into four separable classes based on their cellular 
localization. Members of the class 1 dicotyledonous family are expressed in 
the plasma membrane of the SE or CC or in both cell types (Barker et al., 
2000; Kuhn et al., 1997). 
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These sucrose transporters have a high affinity for sucrose as a substrate and 
are mainly responsible for phloem loading. Additional functions have been 
suggested in sink tissues in relation to sucrose import into developing grains 
(Ibraheem et al., 2011; Scofield et al., 2007). The class 2 dicotyledonous 
transporters demonstrate a low affinity for sucrose and are localized in the SE 
plasma membranes in tomato, plantain and Arabidopsis (Meyer et al., 2004; 
Barth et al., 2003, Barker et al., 2000). These transporters have been reported 
in a number of vegetative sinks and developing seeds and are thus 
responsible for sucrose import (Truernit and Sauer, 1995).  
The class 3 monocotyledonous members are localized to the plasma 
membranes of SE in wheat and in both SE and CC in rice, where they are 
potential carriers involved in phloem unloading in the apoplast (Scofield et al., 
2007; Aoki et al., 2004). Class 4 members have been identified in the 
chloroplast fractions (AtSUT3), vacuoles (AtSUT4; HvSUT2) and plasma 
membrane (Endler et al., 2006; Rolland et al., 2003) and play a key role in 
sucrose import into the vacuoles.  
 
The diversified roles of sucrose transporters suggest that sucrose transport is 
tightly regulated. Tight regulation of sucrose allocation is required to modulate 
carbon allocation for plant growth and development and in response to 
changing environmental conditions. This has been demonstrated at 
transcriptional and post-transcriptional levels (Gupta and Kaur, 2005; 
Lemoine, 2000). Maize sut1 mutant plants demonstrated reduced sucrose 
transport, which resulted in carbohydrate accumulation in the leaf and early 
leaf senescence (Slewinski et al., 2009).  
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Biomass partitioning, delayed flowering and stunted tassel development were 
also observed. Antisense suppressed rice sut1 mutant plants demonstrated 
impaired seed germination and growth, and reduced grain filling due to 
reduced sucrose remobilization from the starch endosperm in developing rice 
seeds (Furbank et al., 2001; Ishimaru et al., 2001). Okadaic acid, a protein 
phosphatase inhibitor, also demonstrated a negative regulation in both activity 
and transcript of BvSUT (a phloem sucrose transporter) in sugar beet (Kuhn 
and Grof, 2010). Evidence of post-translational regulation of sucrose 
transporters was demonstrated in Arabidopsis thaliana by phosphorylation of 
its plasma membrane AtSUC1 and AtSUC5 (Sauer, 2007), and SUT2 and 
SUT4 family in Solanaceous species (He et al., 2008; Barker et al., 2000; 
Weise et al., 2000).  
 
1.4 Sucrose signaling, physiological roles and regulations of sucrose 
biosynthesis enzymes 
 
In addition to its prominent role as a transport molecule, sucrose has also 
been documented as a signaling molecule that regulates both source and sink 
metabolism, and ultimately plant developmental and physiological states 
(Koch, 2004; Sheen et al., 1999). Sucrose-specific regulation of plant 
development has been demonstrated on plant species, including spruce, 
where sucrose applied to somatic embryos resulted in regular embryonic cell 
division (Iraqi et al., 2005).  
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High sucrose levels were shown to repress radicle elongation of carrot 
embryos (Yang et al., 2004), whereas externally applied sucrose induced the 
emergence of lateral roots on the aerial tissues of Arabidopsis (Macgregor et 
al., 2008). Sucrose has also been postulated to affect the timing with which 
some plants flower, the onset of senescence, as well as the organ number 
and shape (Gibson 2005). This disaccharide also regulates several sugar-
controlled gene and promoter elements. For example, the patatin-1 promoter 
in potato tubers is induced specifically by sucrose, whereas the maize 
Shrunken gene and the Arabidopsis plastocyanin gene activity is specifically 
repressed by sucrose levels (Wind et al., 2010). This suggests that different 
signal types might be perceived by the same sugar receptor (Chaves et al., 
2003). Sucrose metabolism is thus a very dynamic process. 
During its transport, activities of various enzymes are regulated (Figure 1.2) to 
ensure that the flow of sucrose is unidirectional (from phloem to sink tissues) 
and the osmolarity of the cell is maintained (Qazi et al., 2012). These activities 
regulate the entry of sucrose into distinct biochemical pathways such as 
respiration or the biosynthesis of cell wall polysaccharides and storage 
reserves (Sturm and Tang, 1999). This is achieved through differential 
expression at transcriptional and translational levels (Koch, 2004).   
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Figure 1.2: Schematic diagram of the major reactions in sucrose metabolism in sinks of 
higher plants. This picture was modified and adapted from Noorkaraju et al. (2010). Refer to 
the text for the role and function of the various enzymes involved in sucrose metabolism. 
 
Changes in enzyme activities affect sucrose levels and cellular metabolism, 
thereby influencing plant growth and development (Wind et al., 2010). 
There are three key enzymes involved in sucrose metabolizing pathways, 
which have been implicated in carbon partitioning in sink tissues. 
They include: sucrose phosphate synthase (SPS), sucrose synthase (Susy) 
and invertases (INV) (Winter and Huber, 2000). These enzymes have been 
studied in a variety of crops with most plant species containing different 
isoforms with highly homologous amino acid sequences and similar 
biochemical properties. By contrast however, these isoforms have distinct 
organ-specific and developmental expression patterns (Koch, 2004).   
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1.4.1 Invertases 
 
Invertases (EC 3.2.1.26) are members of the glycosyl transferase family 
responsible for the hydrolysis of sucrose to hexoses (fructose and glucose) in 
sink tissues (Koch, 2004). Three types of invertase have been identified in 
higher plants, namely soluble acid, soluble neutral and cell wall bound 
enzymes. These invertases are distinguished based on their solubility, pH 
optima, isoelectric point and subcellular localization (Misic et al., 2012).  
 
Soluble forms, neutral or alkaline invertase with pH optima of 7.0 to 8.0 are 
found in the cytoplasm of mature tissues where they regulate the hexose and 
sucrose levels (Bosch et al., 2004). Soluble acid invertases are localized in 
the vacuoles and have pH optima of 5 to 6. They play a role in sucrose 
metabolism and their activity is high in rapidly growing tissues (Liu et al., 
2006). Cell wall invertases have pH optima between 4 and 5. Invertases also 
play a role in sucrose partitioning between source and sink organs and are 
involved in plant response to wounding and infection (Huang et al., 2007). 
These genes are spatially and temporally expressed during plant 
development and are therefore involved in regulating processes of synthesis, 
transport and utilization of sucrose, thereby influencing plant growth  
(Sturm and Tang 1999). Soluble acid invertases have been reported to be the 
primary determinants of the rate and extent of sucrose levels and storage in 
tomato (Klann et al, 1996) and cucumber (Burger and Schaffer, 2007).   
In Arabidopsis the down-regulation of invertase activity affected plant growth 
resulting in shorter primary roots (Barratt et al., 2009; Qi et al., 2007).  
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Transgenic plants of tomato, carrot, potato and muskmelon with repressed 
invertase activity had altered sugar composition in their fruits and tubers  
(Yu et al., 2008; Hajirezaei et al., 2003; Tang et al., 1999; Klann et al., 1996). 
Maize plants lacking cell wall invertase (ZmCW-INV2) showed reduced 
sucrose transport to the seeds, resulting in reduced seed weight (Kang et al., 
2009). In carrots, the down-regulation of cell wall or vacuolar invertases 
resulted in plants with small roots and increased leaf number (Tang et al., 
1999). Yu et al. (2008) reported increased sucrose accumulation in 
muskmelon plants with down-regulated soluble acid invertase.  
Furthermore, the transgenic fruits showed accelerated ripening. These studies 
demonstrate that invertases control hexose (glucose) availability and 
therefore determine where and when hexoses are produced and perceived by 
the hexose signaling systems (Koch, 2004).  
 
1.4.2 Sucrose synthase  
 
Sucrose synthase (Susy) (EC 2.4.1.13) is another sucrose hydrolyzing 
enzyme, which is pivotal in maintaining a balance between sugar signals and 
metabolic pathways. It is a member of the glycosyl transferase enzyme family 
and catalyzes the reversible reaction of sucrose to fructose and UDP-glucose 
in the presence of uridine 5’-diphosphae (UDP; Dejardin et al., 1999). 
The same enzyme, in source tissues, is known to play a role in sucrose 
synthesis using uridine diphosphate (UDP)-glucose and fructose as 
substrates (Ciereszko and Kleczkowski, 2002).  
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Sucrose synthase is located in the cytosol or in various subcellular 
compartments including plasma, mitochondria and vacuolar membranes  
(Cho et al., 2011). Susy plays a major role in sucrose metabolism in a number 
of different growth processes within a variety of sink tissues (Zrenner et al., 
1995). It is also proposed to supply UDP-glucose for cell-wall synthesis 
(Winter and Huber, 2000). Further roles of Susy have been demonstrated in 
other metabolic processes including phloem loading/unloading and nitrogen 
fixation in legume nodules (Gordon et al., 1999).   
 
Susy encodes multiple genes with distinct and partially overlapping 
expression patterns. Two Susy isoforms (SS I and SSII) have been reported 
in Japanese pear with isoform SS I playing a role in the degradation of 
translocated sucrose in young pears. Isoform SS II was reported to play a role 
in sucrose synthesis in mature pears (Tanase and Yamaki, 2000). 
In maize three genes encoding Sus, Sh1 and Sus3 have been reported, with 
Sh1 having a dominant role in cell-wall synthesis whereas Sus 1 is involved in 
starch synthesis (Carlson et al., 2002). Similarly in pea and rice, three Susy 
genes have been identified and characterized with distinct roles been 
suggested for each gene (Barratt et al., 2001; Huang et al., 1996). 
Susy is highly regulated in plants, playing a major role in the sucrose import 
and compartmentation in a variety of sink tissues. Susy was reported to 
regulate the import of sucrose in the early stage of tomato fruit development 
(Demnitz-King et al., 1997). The over-expression of Susy resulted in elevated 
starch levels in the tubers of potato plants, increasing total tuber weight 
(Baroja-Fernandez et al., 2009).  
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Similarly, an increase in Susy activity during early stages of tomato fruit 
development correlated with fruit growth and increased sink strength 
suggesting the regulatory role of Susy in controlling sugar export  
(Chengappa et al., 1999). Conversely, antisense repression of Susy in tomato 
resulted in decreased sink strength and reduced dry matter accumulation in 
fruits (Noorkaraju et al., 2010). The down regulation of Susy in cotton inhibited 
fiber biosynthesis and consequently seed development (Ruan et al., 2003). 
Susy activity therefore plays an important role in maintaining sink metabolism.  
 
1.4.3 Sucrose phosphate synthase 
 
Sucrose phosphate synthase (EC 2.4.1.14) is a rate-limiting enzyme in 
sucrose synthesis, which plays a dominant role in sucrose metabolism in both 
photosynthetic and non-photosynthetic tissues (Huber, 1996). It catalyzes the 
conversion of Fruc-6-P and UDP-glucose to Suc-6-P, which is subsequently 
hydrolyzed to sucrose by sucrose phosphatase (SPP; EC 3.1.3.24).  
SPP is an enzyme that renders the SPS reaction irreversible (Lunn and 
MacRae, 2003). The critical role of SPS in carbon partitioning and sucrose 
accumulation has been demonstrated through genetic manipulations.  
An over-expression of the maize SPS gene in rice and tobacco was correlated 
with the increase in sucrose/starch ratio in leaf blades (Okamura et al., 2011; 
Baxter et al., 2003). Antisense repression of SPS activity in potato however 
resulted in decreased sucrose synthesis and increased starch synthesis 
(Ndimande, 2007).  
 
 
 
 
16 
 
Several studies have associated SPS activity with plant productivity. 
 A transgenic potato with over-expressed maize SPS was shown to improve 
the photosynthetic rate, inhibit leaf senesces and increase yield (Ishimaru, 
2008). In rice, the QTL for plant height coincides with the locus of OsSPS1 
gene (Yonekura et al., 2003).  
 
Plants have multiple SPS isoforms, which differ in individual species with 
development, tissue type and environmental signals (Reimholz et al., 1997). 
SPS genes have been clustered into four classes A, B, C and D, based on 
their amino acid sequences (Lutfiyya et al., 2007; Castleden et al., 2004).   
All higher plants contain at least one representative from each SPS family 
with a member of each family being expressed. One isoform may be 
predominant at a particular developmental stage or growth condition 
(McGregor, 2002). The functional significance of the differential expression of 
these isoforms is not clear and requires more precise approaches to unravel 
the roles of individual isoforms to sucrose synthesis.  
 
1.5 Osmoprotective functions of sucrose metabolism in plants 
 
Abiotic stresses negatively impact plant cellular processes such as growth, 
photosynthesis, carbon partitioning, carbohydrate and lipid metabolism, 
osmotic homeostasis, protein synthesis, and gene expression (Krasensky and 
Jonak, 2012; Anjum et al., 2011; Huber and Winter, 2000). As a result, plants 
have developed strategies to cope with stresses. These survival strategies 
normally involve a mixture of stress avoidance and tolerance mechanisms. 
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During drought avoidance, plants maintain high tissue water potential by 
improving water uptake through developing a deep-root system, thus reducing 
water loss (Amuda and Balasabramani, 2011; Chaves et al., 2009).  
Drought-tolerance involves metabolic adjustments, mediated by alteration in 
gene expression, to help improve the plant functionality (Anjum et al., 2011; 
Valliyodan and Nguyen, 2006; Chaves et al., 2003).  
 
Physiological studies have demonstrated the accumulation of metabolites 
including sugars, sugar alcohols and amino acids in different plant species, 
which act as osmotic balancing agents (Rontein et al., 2002; Gill, 2001; 
Rathinasabapathi, 2000). The changes in these metabolites at cellular level 
are thought to be associated with maintaining cell turgor and to stabilize cell 
proteins and structures during abiotic stresses (Mohamadkhani and Heidari, 
2008; Seki et al., 2007; Langridge et al., 2006).  
 
When different abiotic stresses affect plant functionality, alterations in 
photosynthesis and carbon partitioning are common features that take place 
at the whole plant level. Carbohydrate accumulation in response to adverse 
environmental conditions has been reported in the temperate grasses and 
cereals (Slewinski, 2012). Sucrose accumulation is a common metabolic 
response when plants are exposed to drought stress. It has been identified as 
a major osmoprotectant molecule involved in regulating osmotic potential in 
plants, thus offering resistance against drought stress (Cramer et al., 2011; 
Misic et al., 2002; Massaci et al., 1996).   
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Sucrose flux under stress conditions involves the modulation of many enzyme 
activities in the carbohydrate metabolic pathway including sucrose- 
biosynthesis genes, resulting in whole-plant adjustment (Winter and Huber, 
2012; Koch, 2004). Sucrose phosphate synthase (SPS), a highly regulated 
enzyme with a key role in source-sink relationships has been reported as the 
main target for the biochemical effect of drought stress in grapevines (Maroco 
et al., 2002). In stressed maize leaves acid invertase activities were 
increased, which coincided with the accumulation of glucose and fructose 
(Trouverie et al., 2003). Similarly glucose, fructose, and sucrose accumulated 
in both leaf blades and petiole of lupins which were subjected to stress 
(Pinheiro et al., 2001). Two sucrose synthase encoding genes (Sus1 and 
SuS2) from Arabidopsis thaliana were found to be differentially regulated in 
leaves exposed to cold and drought stress (Dejardin et al., 1999).  
 
Recent studies for increasing tolerance to abiotic stresses, through metabolic 
engineering of compatible solutes, have demonstrated the potential of 
increases in soluble sugars and/or other osmolytes to increase plant tolerance 
to abiotic stresses such as drought (Capell and Christou, 2004; Wang et al., 
2003; Rontein et al., 2002).  
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1.6 ‘‘Omics’’ approaches in studying plant drought stress response 
mechanisms 
 
Plant productivity is greatly affected by abiotic stresses. As a result; many 
efforts have been invested in better understanding global plant systems in 
response to stress conditions to underpin gains in crop productivity under 
unfavorable conditions (Langridge and Fleury, 2010; Umezwa et al., 2006; 
Rathinasabapathi, 2000).  
 
The rapid advances in ‘‘omics’’ technologies provide sustainable screening 
and analysis platforms to improve the efficiency of selection strategies for 
crop adaptation to various abiotic stresses (Bogyo and Rudd, 2013; Diouf, 
2011). The integration of transcriptomics, proteomics and metabolomics has 
increased our understanding of the complex regulatory networks associated 
with stress adaptation and tolerance (Hayward, 2014; Urano et al., 2010; 
Chaves et al., 2009; Hirai et al., 2005). It has also led to the identification of 
candidate genes and pathways that can be used for the genetic improvement 
of plants against stresses (Cushman and Bohnert, 2000). 
 
Transcriptome analysis technologies have advanced to a point, which enables 
the discovery of candidate genes on the basis of expression profiles in various 
tissues, developmental stages, and environmental conditions such as 
drought, cold, heat and salinity (Zhuang et al., 2014). The availability of 
transcriptome technologies including high-density microarrays and next 
generation sequencing has created a platform to carry out whole genome 
transcriptome analyses in a high-throughput manner and have thus greatly 
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expanded comparative analysis within stress physiology (Gregory et al., 2008; 
Zhang et al., 2006). Transcriptomics facilitates the identification of genes 
responsible for stress responses and the prediction of their putative functions 
through the association of co-expressed and differentially expressed genes 
(Hayward, 2014). Whole genome transcriptomics has enabled researchers to 
identify cascades of target genes under transcriptional control also capturing 
changes in the expression of rare transcripts (Wang et al., 2010). These next 
generation technologies are thus paving way for novel insights into plant 
abiotic stress responses.  
 
 Proteomics studies have also significantly contributed in unraveling potential 
links between protein abundance and plant responses to abiotic stress  
(Kosova et al., 2011). Proteomics tools including 2DE and MS are useful for 
the identification of stress responsive proteins in plants (Thiellement et al., 
2002). They provide qualitative and/or quantitative differences in gene 
expression (Carpentier et al., 2008). Furthermore, proteomics plays a role in 
the identification of post-translational modifications, which are involved in 
stress adaptation and thus greatly affecting protein structure, activity and 
stability (Ytterberg and Jensen, 2010). A short falling with this approach 
however is the limitation in the global proteome coverage due to the high 
dynamic range of protein expression in biological systems (Rabilloud, 2002; 
Park, 2004). As a result, a low copy number proteins such as most signal 
transduction and regulatory proteins become masked by the more highly 
expressed proteins and have thus a higher chance of not being detected 
(Xi et al., 2006).  
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This problem has however been overcome through the use of more sensitive 
staining protocols and the incorporation of non-gel based approaches, which 
provide broader and more distinct proteome coverage (Plomion et al., 2006).  
 
Metabolomics is another viable tool in genomic assisted selection for crop 
improvement (Hochberg et al., 2013). It provides a basis for the sustainable 
analysis of both primary and secondary metabolites that respond to 
environmental challenges and can thus be used as a marker for stress 
physiology (Dixon et al., 2006). Different metabolomics techniques can be 
employed to detect changes that occur when plants are in stressed conditions 
and can be evaluated through metabolite profiling (Chandna et al., 2013).  
Gas or liquid chromatography-mass spectrometry (GC-MS or LC-MS) and 
nuclear magnetic resonance (NMR) are the predominantly used approaches 
in plant literature (Fritz, 2004; Unger, 2004). The limitation with these 
approaches however includes insufficient global metabolome coverage. 
Many factors including the sensitivity of the technique employed, and the 
metabolite libraries available for the system used contribute to these shortfalls 
(Hayward, 2014). Although this limits the identification of the broad functions 
of metabolite regulatory networks during abiotic stress responses  
(Urano et al., 2010), metabolomics is the outcome of both transcript and 
protein expression, thus directly contributing to plant phenotypes.  
This creates a platform for the better understanding of fundamental roles of 
single metabolites and broadly makes omics accessible for many more 
species, particularly those that are agriculturally important (Shulaev et al., 
2008; Capell and Christou, 2004).   
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1.7 Sorghum as a model system for engineering stress tolerant bio-
energy crops 
 
Over the years, genomic research has been focused on model crops, 
particularly Arabidospsis, to provide detailed knowledge on plant response 
mechanisms to abiotic stresses (Denby and Gehring, 2005; Vinocur and 
Altman, 2005; Zhu, 2000). Although the use of this plant has provided an 
excellent model system for the study of various plant processes, it has been 
slow to find its way to practical crop plant improvement. This has been 
attributed to Arabidopsis being agriculturally unimportant (van Wyk, 2001), 
and not adapted to various abiotic stresses such as salt and drought  
(Vinocur and Altman, 2005; Zhu, 2000). Furthermore, Arabidopsis is 
fundamentally different in structure, development and osmotic adjustment 
from agriculturally important monocotyledons (Tester and Bacic, 2005).  
Thus, the transfer of knowledge gained using this plant to agriculturally 
important crops does not seem feasible. Amongst the worldwide challenges of 
food security and climate change, there is an increase in economic and 
scientific interest in developing bio-fuel crops to mitigate the current energy 
crisis (Karp and Richter, 2011; Hanjra and Qureshi, 2010). Although rice (an 
agriculturally important crop) has provided insights into many plant processes, 
and is considered a model species for studying fuel production (Abbas and 
Ansumali, 2010; Elmore et al., 2008), its use as a model system is limited. 
This is attributed to the C3 photosynthesis pathway of this crop, which makes 
it prone to abiotic stresses (Munns and Tester, 2008).  
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Other agriculturally important crops including maize and sugarcane are 
potential candidates for bio-energy initiatives (Quintero et al., 2008).  
The restriction with these crops however is in production, which requires high 
water input (Reddy et al, 2008). The quarantines imposed on maize 
production due to biotic stress outbreaks, and the polyploidy nature of 
sugarcane have also made these crops less suitable as model systems for 
increased stem sugar content and stress tolerance (Calvino and Messing, 
2011; Lawrence and Walbot, 2007).   
 
Sorghum genome sequencing (Peterson et al., 2009), in combination with the 
availability of “omics” resources and bioinformatic tools, is leading to the 
discovery of new metabolic pathways in sorghum. This is providing new 
insights into the compartmentation in sorghum metabolism and is making it 
possible to identify genes that govern agronomically important traits (Tardieu 
et al., 2010; Umezwa et al., 2006). Sorghum has been proposed as the key 
model system for gene discovery relating to biomass yield and quality in the 
bio-energy grasses under adverse conditions (Calvino and Messing, 2011). 
This is attributed to its high energy return obtained from its high dry weight 
biomass yield, high stem sugar content, and abiotic stress tolerance due to its 
high water and nutrient use efficiencies, and resistance to diseases  
(Mutava et al., 2011; Shakoor et al., 2004). Therefore, the development and 
characterization of a diverse sorghum germplasm collection with considerable 
variation for energy yield, abiotic stress tolerance and pathogen resistance will  
result in sorghum hybrids dedicated to bio-energy production  
(Rooney et al., 2007).  
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The benefits of sorghum as a model plant will further extend to other grass 
species such as sugarcane and Miscanthus that are being targeted as 
potential resources for bio-ethanol production. The aim of re-engineering C3 
plant species to adapt to C4 photosynthesis, in order to boost yields will also 
benefit immensely from the sorghum data (Doubnerova and Ryslava, 2011).  
 
1.8 Research aim and objectives 
 
Physiological studies on sorghum varieties have demonstrated sugar 
accumulation in response to drought stress, therefore suggesting that sugars 
are involved in an unknown mechanism of abiotic stress tolerance. This study 
investigates the possible cross talks between the sugar biosynthesis and 
stress-related pathways, focusing on the following objectives:  
 
I. To investigate the effect of drought stress on plant growth and 
development 
II.  To investigate changes in the stem metabolome of sorghum varieties in 
response to drought stress 
III. To investigate the effect of drought-induced hyperosmotic stress on the 
activity and expression levels of sucrose-biosynthesis genes  
IV. To investigate changes in the stem proteome of sorghum varieties in 
response to drought stress 
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CHAPTER 2 
The effect of drought stress on physiological and biochemical 
parameters in Sorghum bicolor (L.) Moench varieties 
 
Abstract  
 
Water deficit triggers various responses in plants that are dependent on the 
stress intensity. Sorghum has acquired immunity from drought stress through 
various adaptation mechanisms. To date however, research on the 
physiological and biochemical mechanisms contributing to drought tolerance 
in sorghum is still limited. In this study physiological and biochemical 
parameters of four sorghum varieties ICSB338; ICSB73; ICSV213 and S35 
were analyzed in order to understand their response to water deficit. At early 
anthesis, plants were subjected to drought stress by withholding water for a 
period of 10 days.  Stress induction was demonstrated by the continuous 
decrease in soil water content during experimentation. This was accompanied 
by an increase in the root length across all four sorghum varieties. It was 
observed that the relative water content of stressed sorghum leaves was 
significantly reduced when compared to the well-watered plants, with variety 
ICSV213 displaying the highest reduction of 46%. The chlorophyll contents 
under stressed conditions were also reduced; an indication that the 
photosynthesis machinery was compromised. Drought stress influenced 
chlorophyll a, b and total chlorophyll levels in all four varieties, with the most 
pronounced reductions observed in ICSV213. The biomass of the basal stems 
measured was reduced by water deficit whereas; the shoot length was not 
affected.  
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Metabolic analysis showed an increase in proline and fructose whereas, the 
abundance of leucine and sucrose were reduced under stressed conditions. 
The results of this study indicate that water deprivation provoked plant 
responses by the mechanism of osmotic adjustment in the sorghum varieties. 
These results also highlight the major role of soluble sugars in osmotic 
adjustment.  
 
2.1 Introduction 
 
Drought is generally accepted as the most widespread abiotic stress that 
adversely affects plant growth and development (Khalili et al., 2008). 
Effects of drought on the productivity of economic crops are more severe in 
arid and semi-arid regions around the world where there is limited rainfall, 
high temperature, poor water quality, and poor soil management practices  
(Niu et al., 2012). The faster-than-predicted change in climate  
(Inter governmental Panel on Climate Change, 2007) and the different 
scenarios of climate change suggest an increase in aridity for the semi-arid 
areas around the globe. Together with the exponential growth in global 
population, this will lead to the overexploitation of water resources for food 
production and less arable land. There are concerted efforts to produce 
renewable energy from plant sources as an alternative to the limited 
availability of fossil fuels (Rooney et al., 2007). Thus in order to meet these 
food and non-food requirements, crop production in marginal areas has 
become a priority.  
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As a result, the development of improved levels of drought tolerance has 
become a priority for many crop-breeding programs focusing on food and bio-
energy production (Hanjra and Qureshi, 2010). The ability of most organisms 
to survive and recover from water restricted conditions is a function of 
acquired tolerance mechanisms that can improve the overall stress tolerance 
(Kaplan et al., 2004). Plants that are frequently subjected to periods of 
drought stress exhibit physiological and metabolic constraints and have thus 
adopted response mechanisms to overcome such effects (Nasim et al., 2011). 
  
Plant resistance to drought stress has been mainly attributed to high stomatal 
sensitivity, which consequently affects photosynthesis. Photosynthesis is an 
essential process in crop growth and development (Rong-hua et al., 2006). 
Together with cell growth it is among the primary processes to be affected by 
drought stress. A decrease in CO2 assimilation resulting from closed stomata 
is generally observed in response to drought stress (Chaves et al., 2009).  
The aforesaid coupled with the combined effect of reduced water supply 
required to support cell expansion results in decreased biomass, chlorosis, 
slowed growth and ultimately plant death (Mahajan and Tuteja, 2005).  
 
Sorghum bicolor (L.) Moench is a moderately drought tolerant cereal crop, 
and responds to drought stress through various biochemical metabolic 
adjustments (Gill et al., 2001). These processes are regarded as the primary 
mechanisms for plants to survive in circumstances of water deficiency, and 
are mostly dependent on osmotic adjustment that promotes solute 
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accumulation in plant cells (de Oliveira Neto et al., 2009). Sugars and polyols 
are considered particularly important metabolites involved in osmotic 
adjustment. These metabolites are small and biochemically compatible 
compounds that increase in concentration to increase osmolarity, thus 
contributing to the maintenance of the water potential gradient between the 
plant and soil (Mahajan and Tuteja, 2005). Amino acids also function as 
osmotically active metabolites in response to drought stress although an 
increase in their contents may not be a global response to drought stress 
(ElSayed et al., 2014; Barchet et al., 2013). This study explores the effect of 
drought stress on the physiological and biochemical parameters of four 
sorghum varieties.  
 
2.2 Materials and Methods 
 
2.2.1 Plant material 
 
Four sorghum varieties; (ICSB338; ICSB73.ICSV213 and S35.) were obtained 
from the International Crop Research Institute for the Semi-Arid Tropics 
(ICRISAT) India. These varieties were selected because they offer 
considerable genetic variation in drought tolerance based on the 
morphological assessments made at ICRISAT.  
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2.2.2 Experimental design 
 
The experiment was laid out in a randomized complete block design (RCBD) 
with five biological replications. At the early stages of anthesis (80 days after 
sowing), plants from all four varieties were randomly selected and divided into 
two groups; well watered (irrigation in all stages of plant growth) and water 
deprived (drought stressed).  
 
2.2.3 Plant growth conditions and drought treatment 
 
The four sorghum varieties (ICSB338; ICSB73; ICSV213 and S35) were sown 
on the 28th of November 2012 at the Agricultural Research Council, 
Stellenbosch, Western Cape, (South Africa). The glasshouse conditions under 
which these varieties were grown included, natural daylight, a temperature at 
41˚C (day) and 21˚C (night), and a constant relative humidity of 60%.  
Pots with a diameter of 25 cm and height of 25 cm each containing a sterilized 
equal proportion mix (1:1) of loam soil and organic matter were used for 
sowing the sorghum seeds. Macro and micronutrients were also applied to the 
soil and these were obtained from a prepared inorganic nutrient solution [Ca 
(NO3)2 (164.1 g/l); KNO3 (101.1 g/l); MgSO4 (120.4 g/l); KH2PO4 (136.1 g/l) 
and Fe cheloate (16.6 g/l)]. The date of anthesis was determined when 50% 
of the spikes had extruded anthers.  
 
 
 
 
 
 
30 
 
In this experiment, instead of investigating all parameters continually 
throughout the stress period, one time point was selected to represent the 
well watered and water limited conditions. This was at day 10, obtained from 
preliminary work, where the relative soil water content under water deficit was 
discovered to be at the lowest compared to the well watered conditions.  
Water loss was estimated based on the soil measurements taken every 
second day during the stress induction period. Measurements were taken 
using a Digital Moisture Meter-MT960 (MAJOR TECH (PTY) LTD, South 
Africa).   
 
2.2.4 Growth analysis and measurement of leaf relative water content  
 
Analysis of plant growth was performed on watered and stressed sorghum 
plants at the early anthesis stage (80 days after planting). The measurement 
of leaf relative water status, basal stem biomass, shoot and root length was 
carried out from means of four plants per sorghum variety per growth 
condition. A Stabila Measuring Tape (Upat S.A (Pty) Ltd, South Africa) was 
used to determine shoot and root length. To measure root length, the intact 
root system was rapidly separated from the bulk of the soil by gentle shaking. 
A weighing balance (RADWAG Wagi Elektroniczne, Poland (EU)) was used to 
measure the basal stem fresh weight of each of the different plants.  
The leaf relative water content (LRWC) was measured using four 20 mm leaf 
disks excised from the second youngest leaf of each plant. The fresh weight 
(FW) for each disk was immediately measured. The disks were transferred to 
a Petri dish and saturated in deionized water at 4°C in the dark for 24 hours, 
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after which the disks were blotted in between filter papers and weighed in 
order to determine the turgid weight (TW). The dried weight (DW) was 
determined by oven drying the turgid disks with forced air circulation at 80°C 
for 24 hours and then weighing the dried disks. The leaf relative water content 
(LRWC) was determined according to the formula as contained in Barrs and 
Weatherly, (1962).  
LRWC (%) = [(FW – DW) / (TW – DW)] X 100 
 
2.2.5 Determination of chlorophyll content:  
 
Leaf material was ground in liquid nitrogen using a mortar and pestle.  
Chlorophyll was extracted from 100 mg leaf material using 80% ice cold 
acetone. Homogenates were centrifuged at 13,000 rpm for 10 minutes.  
The absorbance of each extract was recorded at (663 nm; 645 nm) using UV-
visible spectrophotometer (POLARstar OMEGA, BMG LABTECH GmbH, 
Germany). Chlorophyll content (chlorophyll a, chlorophyll b and total 
chlorophyll) was using a method described by Arnon (1949).  
 
2.2.6 Metabolite sample preparation  
 
Metabolite analysis by GC-MS was carried out by a modified method 
described by Glassop et al., (2007). Three biological replicates of basal stem 
tissues were ground in liquid nitrogen using a mortar and pestle. 
Approximately 10 mg of tissue was weighed into micro-centrifuge tubes 
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containing 500 µl methanol (metabolite extracting agent), and 20 µl internal 
standard (ribitol [10 mg/ml]). Metabolic extracts were incubated at 70°C for 15 
minutes. After incubation, 500 µl water and 400 µl chloroform was added to 
each extract and mixed by vortexing. The polar and non-polar phases were 
separated by centrifugation, at 12,000 rpm for 10 minutes. The phases were 
separated into clean tubes and 600 µl of chloroform added to the polar phase, 
vortexed, centrifuged and separated just as before. Aliquots of the polar 
phases were vacuum dried. The samples were stored at room temperature in 
a desiccator until further analysis.  
 
The dried residues were resuspended in 50 µl of methoxyamine hydrochloride 
(20 mg/ml in pyridine) then incubated at 37°C for 120 minutes at 13,000 rpm 
in a Thermomixer comfort (Eppendorf South Pacific Pty Ltd, New South 
Wales, Australia). The samples were treated with N-Methyl-N-(Trimethylsilyl)–
triflouroacetamide (MSTFA), and incubated at 37°C for 30 minutes. Samples 
were left for 2 hours before by centrifugation at 13,000 rpm for 2 minutes.  
 
2.2.7 GC-MS analysis  
 
Separation of the analytes was performed on an Agilent 6890 N Gas 
Chromatograph coupled with an Agilent 5975B Mass Spectrometer detector 
and a CTC CombiPAL Analytics Autosampler. This GC-MS system was 
equipped with a polar ZB-5MS GUARDIAN (30 m, 0.25 mm ID, 0.25 µm film 
thickness) capillary column (Phenomenex). One microliter of samples was 
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injected with splitless injection with a flow rate of 1 ml/min.  
The injection temperature was set at 280°C. The oven temperature was as 
follows: 5 minutes at 70°C, followed by a 1°C/min oven ramp to 76°C and a 
second ramp to 300 °C at 8 °C/min. The temperature was then equilibrated to 
70°C before injection of the next sample. The mass spectra were obtained at 
two scans per sec with the scanning range of 40-650 m/z. ChemStation 
software was used to control the system for data acquisition. Authentic 
standards were unavailable so compounds were identified by using the NIST 
mass spectral library (www.nist.gov). The relative abundances of the 
metabolites were quantified by dividing the peak area of the compound by the 
peak area of the internal standard (ribitol).  
 
2.2.8 Statistical analysis 
 
Results are reported as the mean ± standard error (SE) of four independent 
determinants. For statistical analysis, a two-way analysis of variance 
(ANOVA) test was used to compare the effect of drought stress on leaf 
relative water content, growth parameters and chlorophyll content for all data. 
Means were compared according to the Student-T lsd (least significant 
differences) at 5% level of significance, using the statistical software SAS 
version 9.3 (SAS, 2012) statistical software.  
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2.3 Results  
 
2.3.1 Effect of drought stress on growth parameters 
 
When watering was completely withdrawn for 10 days, the soil water content 
fell progressively and at day 10 the soil was completely dry as indicated in 
Figure 2.1. There were however no significant differences in the rate of soil 
water decline amongst the sorghum varieties.  
 
 
Figure 2.1: The change in soil water content of ICSB338, ICSB73, ICSV213 and S35 over 10 
day water-deficit period. The data represents the mean ± SE of 4 replicates 
 
Shoot length was not affected by stress induction as the watered plants and 
stressed plants across the varieties indicated the same height with intra 
varietal differences attributing to the obtained data (Figure 2.2). 
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There were distinct differences between varieties ICSB338 and ICSB73 
versus ICSV213 and S35. Root length was increased with stress induction in 
all four varieties (Figure 2.3). Although there were no significant differences in 
the watered and stressed plants, there were distinct differences in varieties 
ICSB338 and ICSB73 versus ICSV213 and S35. 
 
 
Figure 2.2: Shoot length of well watered (WW) and drought stressed (DS) sorghum varieties 
after 10 days of stress induction. The data represents the mean ± SE of 4 replicates  
 
The basal stem biomasses were reduced with stress induction across 
varieties ICSB338, ICSB73, ICSV213 and S35 (Figure 2.4). In general the 
biomass of S35 stems were higher under both growth conditions when 
compared to varieties ICSB338, ICSB73 and S35 ,which had more or less the 
same weight.  
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Figure 2.3: Root length of well watered (WW) and drought stressed (DS) sorghum varieties 
after 10 days of stress induction. The data represents the mean ± SE of 4 replicates  
 
 
Figure 2.4: Stem biomass of well watered (WW) and drought stressed (DS) sorghum 
varieties after 10 days of stress. The data represents the mean ± SE of 4 replicates 
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2.3.2 Leaf relative water content (LRWC) 
 
Water deficit for a period of 10 days influenced LRWC in all four sorghum 
varieties. The leaves of stressed plants showed a significant decrease in 
LRWC compared to the watered plants for all varieties. ICSV213 showed the 
highest reduction in LWRC with approximately 46%, whereas S35 had the 
lowest reduction with approximately 18% after 10 days of water deprivation. 
The LWRC for both ICSB338 and ICSB73 were reduced by approximately 
27% compared to the watered plants (Figure 2.5).  
 
 
Figure 2.5: Percent of leaf relative water content (LRWC) of sorghum varieties ICSB338, 
ICSB73, ICSV213 and S35 after 10 days of drought stress induction. The data in bars 
represents the mean ± SE of 4 replicates 
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2.3.3 Chlorophyll content 
 
Drought stress significantly affected the chlorophyll a, b and total chlorophyll 
levels in all four varieties. Chlorophyll a as shown in Figure 2.6 (A) presented 
reductions in ICSB338; ICSB73; ICSV213 and S35 at 12%, 21 %, 65 % and 
23%, respectively. Chlorophyll b (Figure 2.6 B) showed a similar behavior, 
indicating that these chlorophyll pigments decrease in response drought 
stress. The decrease in total chlorophyll for ICSB338, ICSB73, ICSV213 and 
S35 were at 16%; 20%; 62% and 27%, respectively. Variety ICSV213 
indicated the most significant reductions as shown in Figure 2.6 (C). 
 
 
Figure 2.6: Analysis of chlorophyll pigments of Sorghum bicolor (L.) Moench varieties 
ICSB338, ICSV213, ICSB73 and S35 subjected to 10 days of water deficit. (A) is Chlorophyll 
a; (B) is chlorophyll b; (C) total chlorophyll. The bars represent the mean ± SE of 4 replicates 
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2.3.4 Metabolite profiling  
 
A total of 21 polar metabolites from sorghum stem tissues were analyzed by 
GC-MS. Eighteen of these selected metabolites could be identified using a 
comparison of the retention time indices and mass spectra with existing 
standard library data. Differences in relative abundance of selected 
metabolites were found among the different varieties. For example, 5/7 amino 
acids, 1/2 organic acids and 4/9 sugars analyzed showed differences in 
abundance between watered and stressed plants (Table 2.1) 
Metabolites whose amounts increased under drought stress in one or more 
variety were also evaluated. In particular, significant increases in abundance 
of proline and fructose were observed in stems of stressed varieties. Sucrose 
and leucine displayed an opposite behavior under stressed conditions and 
were found to be reduced in the stressed varieties. Insignificant changes were 
reported for the rest of the analyzed metabolites between the watered and 
stressed plants.   
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Table 2.1: Relative abundance (%) of selected compounds of sorghum stems in well watered and drought stressed plants 
 
RT- retention time; aa - amino acid; oa - oxalic acid; TCA - tricarboxylic acid cycle; s.alc - sugar alcohol 
     Increase in relative abundance            decrease in relative abundance 
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2.4 Discussion 
 
Abiotic stresses, such as drought, pose a serious threat to crop productivity, 
more importantly to the sustainability of high crop yields (Slewinski, 2012; 
Anjum et al., 2011; Mahajan and Tuteja, 2005). Drought stress triggers 
various responses in plants at different cellular levels. Sorghum is a cereal 
crop that has acquired immunity from drought stress through various adaptive 
mechanisms (Gill et al., 2001). To breed for economic crops with improved 
drought tolerance, a better understanding of the traits associated with drought 
tolerant plants is crucial so these traits can be transferred into new varieties. 
 In this study, physiological and biochemical assessments of the performance 
of four sorghum varieties under water limited conditions was carried out in 
order to improve understanding of stress tolerance mechanisms in sorghum.   
 
The effectiveness of the induced drought stress was demonstrated by the 
decrease in soil water content and leaf relative water content (Figure 2.1 and 
Figure 2.5). Relative water content is considered an important indicator of 
water stress in leaves, which is directly related to soil water content (Hamad 
and Ali, 2014). The decrease in LRWC indicated that there was a resistance 
to the water-flow at soil-root interface, or a decrease in hydraulic conductivity 
of soil at low soil moisture (Kudoyarova et al., 2011; Kholova et al., 2010).  
The different levels at which LRWC declined amongst the varieties indicated 
that sensitivity to stress varied at anthesis. This could be attributed to the 
variations in transpiration rates amongst the varieties, which was determined 
by the conditions under which the plants were grown.  
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A decrease in LRWC in response to drought stress has been demonstrated in 
wide variety of plants, as reported by Nayyar and Gupta (2006).  
Plants subjected to drought stress generally exhibit reductions in LRWC and 
water potential, and these have been reported to cause changes in plant 
growth and metabolism (Anjum et al., 2011; Neto et al., 2009).  
 
Photosynthesis is among the primary metabolic processes affected by water 
deficit (Flexas et al., 2002; Chaves, 1991). The first response by plants to 
drought stress is through stomatal closure to prevent transpiration from 
occurring (Ghobadi et al., 2013; Flexas et al., 2004, Cornic, 2000).  
Stomatal closure limits the absorption of carbon dioxide thus leading to a 
decline in photosynthesis (Reddy et al., 2004, Wingler et al., 1999). 
Photosynthetic activity under stressed conditions was evaluated by 
determining chlorophyll content. A decline in concentration of the chlorophyll 
pigments was observed in all four varieties under stress conditions, with the 
highest reduction displayed in variety ICSV213 (Figure 2.6). The decline in 
chlorophyll content in stressed plants serves as an indicator that 
photosynthesis activity was negatively affected by stress. The changes in 
chlorophyll content, and consequently photosynthesis, are related to changes 
in carbon partitioning between the stem and roots (DaCosta and Huang, 
2006; Massacci et al., 1996; McCutchan and Shackel, 1992). A decrease in 
chlorophyll content under drought stress has been previously reported in pea, 
wheat (Huseynova 2012; Alexieva et al., 2001); sorghum (Neto et al., 2009) 
and apple (Sircelj et al., 2007).   
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Loss in tissue water content due to stress induction reduces turgor pressure 
thereby inhibiting cell division and expansion (Namich, 2007; Delfine et al., 
2002). Therefore, the reduction in basal stem biomass (Figure 2.4) in all the 
sorghum varieties was indicative that the turgor and water potential decreased 
to a level which restricted cell enlargement. The positive correlation between 
the chlorophyll content and biomass production is an indication that 
photosynthesis is one of the major driving forces for biomass production in the 
sorghum varieties. Plants grown under water deficit conditions exhibited an 
increase in total root length when compared with plants under regularly 
supplied water. Root elongation is a mechanism sorghum varieties used to 
extract soil water in order to increase water potential, thus maintaining root 
turgor at a constant level under drought stress. Root elongation was however 
not significant to develop a steep water potential gradient to maintain water 
uptake, as evident from the compromised photosynthesis activity. 
 The effect of stress on plant height amongst the varieties was inconclusive.  
Varieties ICSB338 and ICSB73 displayed a decrease in height under stress 
whereas ICSV213 and S35 had higher plant heights under stress. 
 We therefore concluded that the differences observed within the varieties 
were not a result of the effect of stress but rather intra-plant variation.  
These results indicated the major impact of the developmental stage on plant 
response to drought stress.  
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In addition to alterations in the photosynthetic machinery and growth 
parameters, drought stress often induces osmotic adjustment, which is 
considered an important mechanism to allow the maintenance of water uptake 
under stress (Rosa et al., 2009; Mahajan and Tuteja, 2005; Chaves and 
Oliveira, 2004). Osmotic adjustment is the active accumulation of solutes in 
response to imposed water deficit, which have a function in sustaining tissue 
metabolic activities such as the plant growth and development (Chaves et al., 
2009; Blokhina et al., 2003). Of these metabolites, the accumulation of free 
amino acids, sugars and sugar alcohols is of great significance in osmotic 
adjustment and osmoprotection from abiotic stresses (Bohnert et al., 2006).  
 
Metabolic analysis was carried out to investigate the role of metabolites in 
stress response in the sorghum varieties. The metabolites selected for 
analysis have previously been documented in abiotic stress-related studies 
(Lu et al., 2013; Gavaghan et al., 2011; Gibon et al., 2006, Taji et al., 2002; 
Munns, 2002). Following 10-day water deficit period, only a small number of 
metabolites indicated significant changes in response to stress. An increase in 
abundance of amino acid content was observed for proline in all four varieties 
whereas the relative abundance of leucine was reduced with stress induction. 
The contents of all other amino acids were very low and did not contribute 
significantly to the amino acid pool. The accumulation of proline is frequently 
reported in many plants in response to abiotic stresses (Manivannan et al., 
2008; Heuer, 1994). The accumulation of this amino acid has been 
considered a general indicator of drought tolerance (Ahmed et al., 2009; Liu et 
al., 2003).  
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Similar results on proline accumulation were observed for pea and wheat 
grown under water deficit conditions (Alexieva et al., 2001).  
These observations have also been reported in maize, demonstrating the 
major role of this amino acid in minimizing damage caused by dehydration 
(Mohammad and Heidra, 2008). Liu et al. (2003) reported that drought 
susceptible turfgrass varieties accumulated proline in response to drought 
stress. Gao et al., (2009) reported proline accumulation in drought tolerant 
pinus species in response to drought stress. Thus, whether proline 
accumulation plays a role in osmoregulation or osmoprotection remains 
elusive. In contrast, stress induction had a negative effect on leucine content. 
Although reported in other experimental studies (Barchet et al., 2013; Widodo 
et al., 2009), the functional significance of the decline in leucine under drought 
is however not clearly understood. 
 
Soluble sugars play complex essential roles in plant metabolism.   
They are products of hydrolytic processes, and act as substrates in signaling 
systems (Mohammadkhani and Heidari, 2008). Soluble sugars therefore may 
also function as osmoprotectants, stabilizing cellular membranes and 
maintaining cell turgor. The accumulation of sugars in response to drought 
stress has also been well documented (ElSayed et al., 2013; Amudha and 
Balasubramani, 2011; Rosa et al., 2009; Umezawa et al., 2006; Massacci et 
al., 1996). In this study, the soluble sugars displayed a variable response to 
drought stress amongst the four varieties (Table 2.1). Amongst the sugars 
analyzed, fructose and sucrose abundance was significantly affected by 
stress with an increase observed for fructose in all four varieties and a 
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decrease in sucrose in three of the four varietiesSoluble sugars had higher 
abundance as compared to amino acids. This indicated that the increase 
observed in the amino acids could therefore not be part of an adaptive 
response to stress but rather a consequence of reduced water availability 
(Munns, 2002), and an indicator of general stress and cell damage  
(Widodo et al., 2009). These results also indicate the importance of these 
sugars in osmotic adjustment in sorghum.   
 
In sorghum, drought tolerance has been estimated using a variety of 
parameters, including yield stability, leaf water potential, leaf rolling, root 
growth, osmotic adjustment, stomatal conductance, ABA accumulation, 
seedling establishment and growth and proline accumulation to list a few 
(Anjum et al., 2011). The results of this study were indicative that drought 
stress brought out some adaptive effects in order to reduce damage 
experienced by sorghum varieties, with some parameters being more 
responsive than the others. The differential responses to drought stress 
amongst the sorghum varieties implied that the mechanisms conveying 
tolerance differed between these varieties. However these differences were 
negligible in comparison to the general response of each variety to stress 
leading us to infer the presence of a basic common response. 
 From an ecological point of view we suggest that ICSV213 was the most 
responsive variety to drought stress.  
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The accumulation of osmolytes by this variety under conditions where 
photosynthesis was decreased is an indication that reengineering of the leaf 
structure may have occurred in this variety. This would be a mechanism 
whereby ICSV213 was altering its leaf tissues in order to maximize its survival 
under drought (Ogbaga et al., 2014).  
 
The physiological analysis carried out in this study was however not sufficient 
to conclude from an agricultural point of view, which variety would be 
preferred for crop breeding strategies. Other traits including grain yield 
stability, stomatal conductance, ABA accumulation and the stay-green ability 
needed to be taken into consideration in order to better understand the 
physiological basis of changes in drought resistance. This will allow for the 
selection or creation of new varieties of crops in order to obtain better 
productivity under water-limited conditions (Ghobadi et al., 2013). 
Nevertheless, the highlighted role of soluble sugars in osmotic adjustment 
indicates that, the selection for high tissue sugar content, rather than the 
ability to respond dynamically to drought, may be a more successful approach 
in terms of crop breeding strategies for bio-energy production. 
 Therefore, further studies on the underlying mechanisms regulating sugar 
metabolism under stress conditions should be considered.  
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CHAPTER 3 
Sucrose biosynthesis genes mediate the physiological responses of 
sorghum varieties to hyperosmotic stress 
 
Abstract  
 
Sucrose plays a key role in maintaining the osmotic equilibrium and in 
protecting cellular function in plants under adverse environmental conditions. 
This study investigated the regulation of sucrose genes after subjecting sweet 
sorghum varieties to a 10-day water deficit period. A detailed analysis on 
soluble sugars was carried out using HPLC, to determine the influence of 
water deficit on soluble sugar concentrations, and subsequently the 
expression of the sucrose biosynthesis genes. Sugar levels were elevated by 
drought stress induction in varieties ICSB338, ICSB73, ICSV213 and S35, 
with ICSV213 demonstrating the highest brix content. Sucrose and starch 
levels were decreased whereas hexose concentrations (glucose and fructose) 
were increased by stress in all four varieties. Variety ICSV213 demonstrated 
the highest glucose and fructose levels under stress. Activity assays of 
sucrose phosphate synthase, sucrose synthase, soluble acid and neutral 
invertase enzymes demonstrated increased activities in all varieties under 
stressed conditions. Overall the activity levels of invertase were high 
compared to sucrose phosphate synthase (SPS) and sucrose synthase 
(Susy) in all varieties. Gene expression analysis demonstrated changes in the 
sucrose biosynthesis genes with stress induction. SPS was up regulated with 
variety ICSV213 displaying the highest expression levels.  
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The response of the invertases to stress was evident only in ICSV213, 
whereas sucrose synthase displayed significant regulation only in ICSB73. 
Sucrose transporters also demonstrated a response to stress in all four 
varieties with significant up regulation observed in ICSV213 and S35.  
The correlation of sugar levels with gene expression in ICSV213 suggested 
the possible role of sucrose biosynthesis genes in the accumulation and 
mobilization of sorghum stem reserves during drought stress. 
 
3.1 Introduction  
 
Plant metabolic adjustments form the basis of survival under adverse 
environmental conditions that affect plant cellular processes.  
Plants accumulate metabolites that act as osmotic balance agents to maintain 
cell turgor and to stabilize cell proteins and structures during periods drought 
stress (Seki et al., 2007). Alteration in photosynthesis and carbon partitioning 
is the most common feature that takes place at a whole plant level under 
stress conditions and forms the basis of crop productivity (Slewinski, 2012). 
Sucrose accumulation is a common metabolic response when plants are 
subjected to drought stress. As a result, sucrose is considered a major 
osmoprotectant involved in regulating osmotic potential in plants offering 
resistance against drought stress (Djilianov et al., 2005). Sucrose metabolism 
is subject to the expression and regulation of enzymes that ensure the 
unidirectional flow of sucrose from the phloem to the sink tissues where it 
serves as a source of energy or storage reserves (Sturm and Tang, 1999).  
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Three key enzymes regulate sucrose metabolism and have been implicated in 
carbon partitioning thereby influencing plant growth and development 
 (Qazi et al., 2012). Sucrose phosphate synthase (EC 2.4.1.14) catalyzes the 
synthesis of sucrose in photosynthetic cells using fructose-6-P (Fru-6-P) and 
glucose and is also active in the futile cycle of simultaneous breakdown and 
synthesis of sucrose in various tissues (Park et al., 2008). Invertase (EC 
3.2.1.26) catalyzes the conversion of sucrose to glucose and fructose and is 
involved in phloem unloading and the control of cell differentiation and 
development (Huang, 2003). Sucrose synthase (EC 2.4.1.13) reversibly 
converts sucrose into UDP-glucose and fructose in the presence of uridine 5’-
diphosphate (UDP) and its activity is suggested to be associated with sink 
strength (Winter and Huber, 2000). Sucrose metabolism is also regulated by a 
host of membrane transporters that facilitate the movement of sucrose 
between source and sink tissues (Ibraheem et al., 2011; Ibraheem et al., 
2008; Lalonde et al., 2004; Li et al., 2003). Koch (2004) has reported on the 
modulation of these sucrose biosynthesis genes under stress conditions 
resulting in sucrose flux, therefore suggesting their possible roles as stress-
responsive proteins.   
 
Due to its drought tolerance and multi-purpose traits, sorghum is gaining 
prominence as a substitute for sugarcane to produce sucrose for food and 
ethanol production (Rao et al., 2008). There is much interest in developing 
varieties that will sustain next-generation bio-fuel in arid and semi-arid regions 
(Slewinski, 2012).  
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There are different classes of sorghum with grain and sweet being the most 
commonly grown. These two classes differ in carbohydrate partitioning with 
sucrose content being predominant in the grain of grain sorghum, and in the 
stem of sweet sorghum respectively (Rooney et al., 2007). Gaining an 
understanding in the underlying processes that lead to the differential 
accumulation in the different sorghum varieties is important for the genetic 
engineering of super sorghum crops with high nutritional and energy value 
under adverse environmental conditions.  
 
As mentioned previously, sucrose metabolism is regulated by the differential 
expression of various enzymes that influence plant physiology and 
productivity. Therefore, a comparative study of gene expression of these 
enzymes and regulatory networks involved in sucrose metabolism may be 
useful in the identification of molecular markers that are involved in molecular 
adaptation or tolerance mechanisms during drought conditions. These may be 
exploited in breeding programs to improve the growth performance or 
increase the yields of sorghum varieties under drought stress. The main 
objective of this chapter was to determine the effect of drought stress on the 
expression levels of sucrose-biosynthesis genes, with the aim of elucidating 
differences in expression in the different varieties under different growth 
conditions.  
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3.2 Materials and Methods 
 
3.2.1 Plant material 
 
Sorghum bicolor (L.) Moench varieties ICSB338; ICSB73; ICSV213 and S35 
were provided by the International Crop Institute for the Semi-arid Tropics 
(ICRISAT), India. Plants were grown as previously described in Section 2.2.1. 
At anthesis, the basal stems (5cm from the soil) were separated from the rest 
of the plant and chosen for soluble sugar, protein and RNA analyses. 
 
3.2.2 Extraction and determination of total soluble sugars 
 
The external layer of green parenchyma of the basal stem was rapidly 
removed to avoid interference caused by pigments during sugar extractions. 
The stem (500 mg) was finely crushed using a pre-cooled pestle and mortar. 
The homogenized tissue was put in a 10 ml syringe and the sap collected by 
pressing the tissue with a plunger into a pre-cooled 1.5 ml microcentrifuge 
tube. The sap was then centrifuged in a pre-cooled Eppendorf centrifuge 5414 
(Eppendorf, GERMANY) at 13000 rpm, at 4°C for 5 min. The supernatant was 
collected and either used for soluble sugar determination immediately or 
stored at -20 °C. The brix (total soluble solids expressed as a percentage) 
was assayed from the sap using a common laboratory refractometer 
(OTAGOTM, Germany). Soluble sugars (sucrose, glucose and fructose) were 
extracted from stem in 80% acetone (v/v). 
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After incubating the solution in a water bath at 80°C for 1 hour, the insoluble 
fraction was removed by centrifugation at 13000 rpm for 10min at room 
temperature. The extraction process was repeated three times. Supernatants 
were pooled and vacuum dried in the Savant speedvac (Thermo Scientific, 
USA) and re-suspended in 1 ml distilled water and used immediately.  
Soluble sugars (glucose, fructose and sucrose) were quantified using HPLC 
system (Dionex TM Ultimate 3000) on a Rezex RHM monosaccharide column 
with operating conditions of 25 °C, and 10 mM H2S04 as mobile phase at a 
flow rate of 0.6 ml/min. Each sample was injected into the column by an 
Ultimate 3000 auto-sampler and the sugar components were detected using a 
refractive index detector (Shodex RI 101). Concentrations of sucrose, glucose 
and fructose were calculated from peak heights using standards (Sigma-
Aldrich, Germany). Analyses were performed in triplicate using three separate 
extractions for each treatment and all results were expressed in g/l. 
 
3.2.3 Determination of starch content 
 
To estimate starch content in plant tissue samples, starch is hydrolyzed to its 
monomeric form, glucose, which is subsequently assayed. Starch was 
extracted using a modified extraction procedure of Beutler (1984). Starch was 
determined from remaining pellets after extraction of soluble sugars.  
The pellets were vacuum-dried and 60mg was boiled at 95 °C for 60 min in 
0.2 M KOH in order to gelatinize the starch.  
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The extracts were then cooled rapidly to room temperature and the pH 
adjusted to 4.8 by the addition of 50 mM sodium acetate buffer (pH 4.8).  
The gelatinized starch in the supernatant was hydrolyzed with 4 units of 
amyloglucosidase (AMG) from Aspergillus amyloglucosidase (Sigma) in  
50 mM sodium acetate buffer (pH 4.8) at 55 °C overnight. The reaction was 
terminated by boiling the sample at 100 °C for 15 minutes. Samples were 
then centrifuged at 12000 rpm for 10 min room temperature, vacuum dried 
and resuspended in distilled water. The glucose released was detected using 
the HPLC as described in Section 3.2.2.  
 
3.2.4 Activity assays 
 
3.2.4.1 Protein extraction for sucrose-enzyme activity assays 
 
Crude protein extracts were prepared from stem tissues of sorghum varieties 
and ground in liquid nitrogen using chilled pestle and mortar. The extraction 
buffer used consisted of 100 mM Hepes-KOH (pH 7.5), 2 mM EDTA, 5 mM 
DTT, 4 mM MgCl2, 10% glycerol and 2% PVPP. Extracts were centrifuged at 
13200 rpm at 4°C for 4 minutes. Supernatants were transferred to new micro- 
centrifuge tubes and centrifuged as described earlier. For desalting, the crude 
protein extracts and the supernatants were transferred to Sephadex G-50 spin 
columns pre-equilibrated in extraction buffer and centrifuged for 2 min at 4000 
rpm at 4 °C. The supernatant containing soluble protein was collected and 
used immediately in protein quantification and activity assays or stored at 
 -80°C.  
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3.2.4.2 Protein quantification for sucrose-enzyme activity assays 
 
The concentration of all protein extracts was determined using a modified 
Bradford Assay (Bradford, 1976), as previously described by Ndimba et al., 
(2003). Bovine serum albumin (BSA) standards were prepared in triplicates 
from a 1 mg/ml BSA stock solution in a bottom-flat micro-titer plate as 
indicated in Table 3.1. Protein extracts were prepared in triplicates by mixing 
10 μl of unknown protein sample with a 190 μl of diluted Bradford reagent 
(BIO-RAD). The same volume of the diluted Bradford reagent was added to 
10 μl of the standards to make up a total volume of 200 μl. The flat-bottom 
micro-titer plate containing standards and protein extracts was incubated for 5 
min at room temperature. Absorbance was measured at 595 nm in a 
POLARstar OMEGA micro-titer plate reader (BMG LABTECH GmbH, 
Germany) using Bradford reagent as a blank. BSA standards were used to 
derive a standard curve from which concentrations of all the unknown protein 
extract samples were extrapolated. 
 
Table 3.1: Preparation of BSA protein standard for protein quantification  
Standard 
Concentration [µg/µl] 
BSA 1mg/ml stock 
solution  
               (µl) 
Distilled water 
(µl) 
0 0 100 
2.5 12.5 87.5 
5 25 75 
7.5 37.5 63.5 
10 50 50 
12.5 62.5 37.5 
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 3.2.4.3 Invertase activity assay  
 
Neutral invertase and acid invertase activities were determined according to 
Rossouw et al., (2010). Acid invertase was assayed by incubating desalted 
crude protein samples at 35 °C for 30 min in assay buffer consisting of 50 mM 
citrate phosphate (pH 5.5) and 125 mM sucrose. The reaction was stopped by 
incubating the samples at 90 °C for 2 min followed by subsequent freezing in 
liquid nitrogen after cooling. Samples were used immediately or stored at  
-80°C until required. Neutral invertase activity was assayed by incubating 
desalted crude protein extract in assay buffer consisting of 50 mM Hepes-
KOH (pH 7.5) and 125 mM sucrose. The reaction was stopped by the addition 
of 2 M Tris-HCl (pH 8.0) and 22 mM ZnSO4 solution followed by the freezing 
of samples in liquid nitrogen and storage at -80°C until required.   
 
The amount of reducing sugars in the samples was measured using a NAD 
coupled reaction according to Huber and Akazawa (1986). The reaction 
mixture consisted of 50 mM Hepes-KOH (pH 7.5), 2 mM MgCl2, 15 mM KCl, 
0.4 mM NAD, 1mM ATP and 4 U Hexokinase/Glucose 6-phosphate 
dehydrogenase (HK/G6-PDH). The reaction was initiated by the addition of 
the reducing sugars resulting from the neutral and acid invertase activities. 
NADH production was monitored at 340 nm.   
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3.2.4.4 Sucrose synthase activity assay (synthesis direction) 
 
Sucrose synthase was assayed using a coupled reaction according to Schafer 
et al., (2004). Desalted crude protein samples were incubated in assay buffer 
consisting of 100 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 20 mM UDP-glucose, 
0.2 mM NADH, 1 mM phosphoenolpyruvate and 0.45 U/ml pyruvate 
kinase/lactate dehydrogenase (PK/LDH). Reactions were started by the 
addition of 10 mM fructose. The decrease in the absorbace of NADH was 
monitored at 340 nm. Activity was calculated in terms of pmols NADH 
oxidized per mg protein per minute. 
 
3.2.4.5 Sucrose synthase activity assay (cleavage direction) 
 
The catalytic activity of sucrose synthase in the breakdown direction was 
assayed using a NAD-coupled reaction according to Schafer et al., (2004). 
Desalted crude protein samples were incubated with assay buffer consisting 
of 100 mM Tris-HCl (pH 8.0), 2 mM MgCl2, 400 mM sucrose, 2 mM NAD
+, 1.5 
mM sodium pyrophosphate, 4 U/ml phosphoglucomutase (PGM) and 4U/ml 
glucose-6-phosphate dehydrogenase (G-6-PDH). Reactions were started by 
the addition of 1.5 mM uridine diphosphate (UDP). NADH production was 
monitored at 340 nm. Sucrose synthase activity was calculated in terms of 
pmols NAD+ produced per mg protein per minute.  
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3.2.4.6 Sucrose phosphate synthase (SPS) activity assay 
 
SPS activity was assayed according to Baxter et al., (2003) under maximal 
(Vmax) and limiting (Vlim) reaction conditions. Desalted crude protein sample 
(50 μl) was incubated for 30 min at 35 °C in assay buffer (50 mM HEPES-
KOH, pH 7.5, 20 mM KCl and 4 mM MgCl2) containing (a) Vmax assay; 12 mM 
UDP-Glc, 10 mM Fruc 6-P and 40 mM Glc-6-P, or (b) Vlim assay; 4 mM UDP-
glucose, 2 mM Fru-6-P, 8 mM Glc-6-P and 5 mM KH2PO4. The reaction was 
stopped by heating at 95 °C for 5 min followed by centrifugation at 13200 rpm 
for 5 min. To remove the non-reacted phosphates, 5 M KOH was added to the 
supernatant and incubated at 95 °C for 20 min. Following cooling, anthrone 
reagent (0.14% anthrone in 14.6 M H2SO4) was added to the sample and 
incubated at 40 °C for 20 min. The absorbance was measured at 620 nm 
using the POLARstar OMEGA spectrophotometer and the sucrose content 
determined using a standard curve with 0-200 nmol sucrose. 
 
3.2.5 Analysis of differentially expressed sucrose biosynthesis genes 
 
3.2.5.1 Total RNA isolation and cDNA synthesis  
 
Stem tissues harvested from the groups of four biological replicates of each 
variety were ground to powder in liquid nitrogen prior to RNA extractions. RNA 
from the ground tissues was extracted using the SV 96 Total RNA isolation 
system (#Z3105, Promega, USA), following the manufacturer’s instructions.  
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Extracted RNA was quantified using a NanoDrop ND-1000 
Spectrophotometer (Thermo Scientific, USA) at 260 nm and electrophoresed 
on a 3 % agarose gel to verify its integrity. Approximately 500 ng of RNA from 
each sample was reverse-transcribed into cDNA using the High Capacity 
cDNA synthesis Kit (#4368814, Life Technologies, USA) following the 
manufacturer’s instructions. The synthesized cDNA was stored at -20 °C until 
further use. Before expression analysis, each experimental sample was 
diluted 1:4 with nuclease-free water (BIO-37080 Bioline Water, 18.2MΩ PCR 
Grade).  
 
3.2.5.2 Relative quantification of sucrose biosynthesis genes by Real-
Time PCR 
 
The mRNA sequences of sorghum genes coding for sucrose synthases, 
sucrose phosphate synthases, invertases and sucrose transporters and the 
housekeeping genes, (β-actin, ubiquitin and 18S RNA), were obtained from 
the NCBI database (http://blast.ncbi.nlm.nih.gov/BLAST).  
Gene-specific primers were designed so that they would bind to all variants of 
the target genes, and in areas that do not have secondary structure. 
 The primers were designed across the intron/exon boundary using 
PerlPrimer (http://perlprimer.sourceforge.net/) software.   
Secondary structure analysis was performed using Oligo Analyzer 
(http://eu.idtdna.com/analyzer/applications/oligoanalyzer/default.aspx) 
to check for primer dimers. 
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 Reactions were carried out on ABI 7900HT Real Time PCR system with 
SYBR® Green PCR Mastermix (#4367650, Life Technologies, USA), following 
the manufacturer’s instructions. The thermal cycling conditions are stipulated 
in Table 3.2. The primer sequences, expected product size and annealing 
temperatures given in Table 3.3.  
 
Table 3.2: qPCR thermal cycling parameters 
Step Temperature (°C) Time (sec) Number of cycles 
Hold 95 600 1 
Denature 95 15 40 
Anneal/Extend 
60 
15 40 
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Table 3.3: Sorghum sucrose biosynthesis gene primer pairs used for gene expression studies 
Gene Accession number Primer sequence Product size Annealing temperature 
18S RNA Sb03g017560 
FP5’CCTTGAAACAACAACGATTA’3 
RP5’CTGTGTCTAGGACCAGTA ‘3 
136 56°C 
Β-actin X79378 
FP5’CCTTACCGACTACCTCAT’3 
RP5’GTGGATATTAGGAAGGATCTAT’3 
329 53°C 
Ubiquitin Sb04g031060 
FP5’GCCAAGATTCAGGATAAG’3 
RP5’CACATTGGCTGATTACA‘3 326 51°C 
 
SUT 
Sb01g045720 
FP5’GTGCTCATCTGCATTGCTGT’3 
RP5’CCACAAACAATTGGCACAAG’3 
303 54°C 
SPS Sb05g007310 
FP5’GCAAACCTTACGCTGATACTG’3 
RP5’CTTGTGGTGCTTAGGGTAGG’3 
141 55°C 
Susy Sb01g033060 
FP5’ ATGGTATTCTCCGCAAGTGG’3 
RP5’ CCTGCGATTTCTTGGAATGT’3 
346 52°C 
Inv Sb04g000620 
FP5’CATCGTTGCAGGGTATCCC’3 
RP5’GTAGTCGATGGTGATGCCG’3 
134 56°C 
 
 
FP-forward primer   RP-reverse primer    
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PCR products were detected by monitoring the increase in fluorescence of the 
SYBR Green dye during the extension phase of each cycle when the SYBR 
Green dye binds to double-stranded DNA. The results obtained for the 
different cDNAs were normalized against the expression levels of three stable 
housekeeping genes: sorghum β-actin, ubiquitin and 18S RNA.  
The expression of the three housekeeping genes was averaged using a 
multiple reference gene normalization method adapted from Hellemans et al., 
(2007) 
 
3.2.6 Statistical analysis 
 
All experiments were performed three times, independently. Results are 
reported as the mean ± standard error (SE) of four independent determinants. 
For statistical analysis, a two-way analysis of variance (ANOVA) test was 
used to compare the effect of drought stress on soluble sugar content, starch 
content, enzymatic activity and gene expression for all data. Means were 
compared according to the Student-T lsd (least significant differences) at 5% 
level of significance, using the statistical software SAS version 9.3 (SAS, 
2012) statistical software. The data analysis, for the relative mean fold 
expression level and standard error of each of the genes was determined for 
the control and drought-stressed groups by reference to the sample with 
lowest expression for each gene, using SDS v2.3 software (Life Technologies, 
USA) and qBase+ produced by BioGazelle (Ibraheem et al., 2011).  
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3.3 Results 
 
3.3.1 Sugar metabolism in the basal stem with stress induction 
 
Stress induction elevated the total soluble sugar levels (brix) in the basal 
stems of all four varieties. Figure 3.1 (A) shows that ICV213 presented the 
most significant difference in sugar content with a 35 % increase in stressed 
plants compared to the watered. The other varieties showed no significant 
differences between stressed and watered plants. Measurement of individual 
soluble sugars (Figure 3.1 B-D) revealed a general pattern across the 
different varieties, where the sucrose levels were significantly decreased by 
stress with the exception of S35, although the levels were very low.  
Glucose and fructose concentrations were significantly increased. 
The decline in sucrose concentration was prominent in ICSB73 variety with a 
50 % decrease (Figure 3.1 B). Fructose and glucose accumulation under 
stressed conditions was the most significant in ICSV213 with a 50% increase 
recorded (Figure 3.1 C and D). Fructose was the prominent sugar produced in 
the stems of all well watered varieties with the exception of variety S35.  
Figure 3.2 indicates that water deprivation affected the starch concentration in 
all four varieties under study. Starch levels under watered conditions were 
highest for ICSB338 and similar for ICSB73, S35 and ICSV213. 
Stress significantly reduced the concentration levels of starch in all four 
varieties. Variety ICSB338 displayed the most prominent reduction in starch 
concentration relative to other varieties with, a 60% decrease under stressed 
conditions.   
 
 
 
 
 64 
 
 
Figure 3.1: Shows (A) brix; (B) sucrose; (C) fructose; (D) glucose accumulation in the stem of 
80 day old ICSB338, ICSB73; ICSV213 and S35 sorghum plants subjected to 10 days of 
water deficit. Each data point is an average of 4 biological samples. The error bars represent 
the mean standard error obtained from the SAS (Version 9.3) analysis. Well watered (WW); 
drought stressed (DS) 
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Figure 3.2: Starch content in the stem of 80 day old ICSB338; ICSB73; ICSV213 and S35 
sorghum plants subjected to 10 days of water deficit. Each data point is an average of 4 
samples. The error bars represent the mean standard error obtained from the SAS (Version 
9.3) analysis. Well watered (WW); drought stressed (DS) 
 
3.3.2 Sucrose biosynthesis enzyme activity assays 
 
SPS activity under Vlim (limiting substrate) and Vmax (excess substrate) assay 
conditions are shown in Table 3.4. Under both assay conditions, SPS activity 
was significantly increased in varieties ICSB338, ICSV213 and S35 with 
stress induction. Drought-induced hyperosmotic stress had insignificant effect 
on SPS activity for the ICSB73 variety when compared to the other varieties. 
This is demonstrated by the 4% and 15% change observed under Vlim and 
Vmax conditions compared to the above 40% activity increase detected in the 
other varieties.  
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Table 3.4: SPS activity in mature sorghum stems under limiting (Vlim) and maximal (Vmax) 
conditions. Activity expressed in pmol/mg protein/min. Mean ± SE, n=4 
Variety Vlim Vmax 
ICSB338 71.5 ± 1.2 b 135.5 ± 0.2 b 
ICSB338-ds 128.0 ± 1.2 a 249.4 ± 2.3 a 
ICSB73 29.7 ± 0.7 e 32.8 ± 0.1 e 
ICSB73-ds 31.0 ± 0.9 d 38.9 ± 0.5 e 
ICSV213 17.9 ± 0.1 f 31.2 ± 0.8 e 
ICSV213-ds 59.2 ± 0.2 c 72.0 ± 1.1 c 
S35 7.5 ± 0.03 g 8.20 ± 0.2 f 
S35-ds 34.0 ± 0.7 a 37.8 ± 1.0 d 
ds- drought stress 
 
As shown in Table 3.5, ICSB338 Susy activity favored synthesis under both 
watered and stressed conditions although there was a decrease in synthesis 
by 11% under stress as compared to watered conditions. Sucrose synthesis 
was favoured under watered conditions in variety ICSB73. With stress 
induction however, the synthesis levels declined resulting in sucrose 
breakdown being more favorable with a 1.8 fold difference compared to 
sucrose synthesis. ICSV213 Susy activity was directed towards sucrose 
synthesis under both growth conditions. Activity was enhanced with stress 
induction with the variety displaying a 2-fold increase in activity. In the S35 
variety, sucrose synthesis was favored under both watering regimes. 
There was however a 44% decline in synthesis under stressed conditions. 
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Table 3.5: Susy activity in mature sorghum stems in the breakdown and synthesis direction. 
Activity expressed in pmol/mg protein/min. Mean ± SE, n = 4 
Variety Sucrose breakdown Sucrose synthesis 
ICSB338 6.5 ± 0.3 b 14.1 ± 0.2 d 
ICSB338-ds 7.4 ± 0.7 b 12.5 ± 0.2 c 
ICSB73 4.1 ± 0.2 b 11.1 ± 0.1 d 
ICSB73-ds 6.5 ± 0.4 c 3.6 ± 0.04 b 
ICSV213 3.1 ± 0.6 c 11.9 ± 0.2 d 
ICSV213-ds 3.7 ± 0.7 c 23.6 ± 0.2 e 
S35 4.5 ± 0.7 c 27.0 ± 0.8 c 
S35-ds 8.7 ± 0.7 a 15.0 ± 0.8 a 
ds- drought stress 
 
Soluble acid invertase activity was triggered by stress induction with all four 
varieties displaying increased activity in stressed plants compared to the 
watered (Table 3.6). Drought-induced hyperosmotic stress had less effect on 
the acid invertase activity in variety ICSV213 when compared to the other 
varieties. This is demonstrated by the 18% change observed under stressed 
conditions compared to the above 50% activity increase detected in other 
varieties. A similar pattern was observed for ICSV213 neutral invertase, which 
had the least significant change compared to the above 50% activity increase 
detected in other varieties under stressed conditions. 
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Table 3.6: Acid invertase activity in mature sorghum stems. Activity is expressed in pmol/mg 
protein/min. Mean ± SE, n = 4 
Variety Watered Stressed 
ICSB338 18.7 ± 0.4 f 42.1 ± 1.3 e 
ICSB73 11.3 ± 0.3 g 66.8 ± 2.5 d 
ICSV213 77.3 ± 0.4 c 94.3 ± 0.7 b 
S35 20.9 ± 0.6 f 170.1 ± 2.6 a 
 
 
Table 3.7: Neutral invertase activity in mature sorghum stems. Activity expressed in pmol/mg 
protein/min. Mean ± SE, n = 4 
Variety Watered Stressed 
ICSB338 14.3 ± 0.2 f 39.0 ± 0.5 d 
ICSB73 7.8 ± 0.2 g 60.2 ± 1.1 c 
ICSV213 43.4 ± 1.3 c 83.2 ± 0.5 b 
S35 18.7 ± 0.5 e 165.5 ± 1.1 a 
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3.3.3 Differential gene expression in sorghum stem tissues during 
drought induction 
 
Figure 3.3 shows the low gene expression levels detected for invertase in 
varieties ICSB338, S35 and ICSB73 (Figure 3.3 A). Moreover these varieties 
ICSB338, ICSB73 and S35 displayed insignificant changes in expression 
levels with stress induction. Interestingly, an 11-fold increase in ICSV213 
invertase expression levels was observed in the stressed plants compared to 
the watered. 
An increase in sucrose phosphate synthase (SPS) expression levels relative 
to controls were observed in stressed plants of ICSB73, ICSV213 and S35, at 
3.7, 4.5 and 2-fold increases respectively (Figure 3.3 B). ICSB338 displayed 
lowest levels of SPS expression relative to the three varieties reported.  
Stress induction further repressed the low expression observed for the 
ICSB338 SPS. 
A decrease in sucrose synthase expression levels relative to watered plants 
was observed in ICSB338 and ICSV213 whereas; stress induction triggered 
increases in expression for ICSB73 and S35 (Figure 3.3 C). ICSB73 displayed 
the most prominent change in gene expression with an 8-fold increase 
observed under stress conditions.  
The expression levels of sucrose transporters were regulated by stress 
(Figure 3.3 D). All four varieties displayed an increase in expression levels of 
the sucrose transporters in stressed plants relative to the watered.ICSV213 
and S35 displayed a significant 8 and 3-fold change under stress, whereas 
changes in expression levels of ICSB338 and ICSB73 sucrose transporters 
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were insignificant. The melting curves of housekeeping genes (Figure 3.4) 
and sucrose biosynthesis genes (Figure 3.5) were used to generate the data 
presented in Figure 3.3 
 
 
Figure 3.3: Quantitative PCR analysis of (A) invertase, (B) sucrose phosphate synthase, (C) 
sucrose synthase and (D) sucrose transporter genes during well watered and drought stress 
treatments of sorghum varieties. All values were normalized to the relative expression levels 
of 18S RNA, β-actin and ubiquitin genes using qBase+ (BioGazelle) analysis. AU (Arbitrary 
Units) represents fold change in expression relative to the lowest value obtained for each 
gene. Well watered (WW); drought stressed (DS) 
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3.4 Discussion 
 
Plants have the ability of storing carbohydrates in stem tissue when production from the 
source is greater than whole-plant demand (Slewinski, 2012). Under adverse 
environmental conditions when photosynthesis is inhibited, these reserves become 
essential for yield stability in grain crops (Liu et al., 2004). Sugar accumulation has been 
demonstrated as one of the defense mechanisms plants acquire in response to 
stressed conditions in order to facilitate the stability of cell structures and the 
maintenance of osmotic balance for plant metabolic activities to operate effectively. 
Therefore, understanding the molecular mechanisms that regulate sugar transport and 
allocation is vital for creating and implementing strategies to optimize whole-plant 
carbohydrate partitioning for increased productivity under stress.   
 
Sucrose is a major sugar translocated in higher plants for plant development.  
Under stressed environmental conditions, its concentration is determined by several 
factors that include the rate of remobilization of the stem reserves, and the rate of 
sucrose hydrolysis and export to sink tissues (Xu et al., 2008). In the present study, four 
sorghum varieties were evaluated for their sugar producing capacity under stressed 
conditions. In particular, sucrose production and its underlying molecular mechanisms 
were the key focus of the study. This was to assess whether regulation at the molecular 
level contributed to the role of sucrose as an osmoprotectant under stressed conditions.   
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Results indicated an overall increase in the total soluble sugar content under stress in 
all four varieties as indicated by brix measurements though ICSB338 and ICSB73 were 
not statistically significant (Figure 3.1A). The stem starch and sucrose concentrations 
were decreased (Figure 3.1 B and, Figure 3.2) whereas the concentrations of the 
hexoses (glucose and fructose) were significantly increased in response to drought 
stress (Figure 3.1 C-D). Therefore the high brix values could be attributed to the 
accumulation of hexoses under stress. Similar results have been observed in several 
plant species under drought conditions including soybean (Glycine max L. Merr.) 
(Liu et al., 2004) and pigeonpea (Lawlor and Cornic, 2002) leaves. Collectively, these 
results indicate that there are insufficient carbon sources entering primary metabolism 
from photosynthesis to result in the net increase of sucrose. The increase in hexose 
concentration under drought could be attributed to starch and/or sucrose degradation. 
Starch serves as the main carbohydrate stored in most plants that can be mobilized to 
provide soluble sugars. Its metabolism is very sensitive to changes in the environment, 
with drought stress generally leading to the decline in starch content (Krasensky and 
Jonak, 2012). This study on sorghum corroborates these observations.  
However, the higher levels of fructose produced in stressed plants of all varieties was 
an indicator that fructans were the main storage carbohydrates, remobilized under 
stress. This is supported by Pilon-Smits et al., (1995) who stated that Poacea plants 
(wheat, barley, sorghum etc.) are prominent members of the fructan flora and 
accumulate fructans as their main carbohydrate storage form. Fructans are soluble 
linear or branched β-2, 1- or 6-linked fructosyl-oligosaccharides that are derived from 
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sucrose and synthesized in the vacuole (Chalmers et al., 2005; Van Laere and Van 
Ende, 2002).   
 
These sugars are hydrolyzed to fructose under unfavorable growth conditions when the 
overall supply of photosynthate is reduced (Wardlaw and Willenbrink, 2000). In wheat 
cultivars grown under drought stressed conditions, fructans were reported to be the key 
sugars within the water-soluble carbohydrate (WSC) fractions, with suggestive roles in 
osmoregulation and drought tolerance (Gaudet et al., 2011; Ende and Esawe, 2014). 
Other evidence of the involvement of fructans in drought response was shown in 
transgenic tobacco, potato and sugar beet plants. These plants, which accumulated 
fructans, showed enhanced tolerance when compared to watered plants (Pilon-Smits et 
al., 1999; Knip et al., 2006). Therefore, this study is in agreement with the current in the 
field and provides new information on sorghum varieties. 
 
To gain a better understanding on the underlying mechanisms attributing to the 
observed accumulation of hexoses and depletion of starch and sucrose with stress 
induction, the sucrose biosynthesis enzyme activities in response to stress induction 
were examined. Of the key sucrose metabolizing enzymes investigated, sucrose 
phosphate synthase and invertases were significantly regulated by stress. The activity 
of the sucrose hydrolyzing enzymes (acid and neutral invertases) was increased under 
stress in three of the four varieties. These results could possibly explain the hexose 
accumulation observed under stress.  
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They are further supported by observations made by Wardlaw and Willenbrink (2000) 
who reported that there was an increase in hexose accumulation in response to water 
stress, which was accompanied by a rise in invertase activity in wheat plants.  
 
An increase in acid invertase activity was also reported by Trouverie et al. (2003) in 
drought-stressed maize leaves, which coincided with the accumulation of glucose and 
fructose. The effect of stress on sucrose biosynthesis in sorghum plants was also 
characterized by the statistically significant increases in SPS activity in all four varieties 
under study. These observations were comparable to previous reports for a C4 
resurrection plant Sporobolus stapfianus (Whittaker et al., 2007) and grapevines (Vitis 
vinifera cv. Moscatel) (Maroco et al., 2002) during dehydration. The present results did 
not indicate a positive correlation between sucrose accumulation and SPS activity in the 
stressed plants. It is therefore possible that some of the glucose and fructose produced 
from sucrose hydrolysis by the invertase enyzme was re-synthesized to sucrose by 
SPS.  
 
The decrease in the hexose to sucrose ratio however indicated that although SPS was 
up regulated by stress, its activity was below a threshold level necessary for sucrose to 
accumulate significantly. This is supported by the observed higher invertase activity 
compared to SPS in all sorghum varieties under stressed conditions. The activity of 
sucrose synthase in both the synthesis and hydrolysis direction was, however, low 
compared to the two enzymes previously mentioned. The change in activity levels of 
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Susy under stressed relative to watered conditions was also insignificant. 
Yang et al. (2004) reported similar observations on sucrose-metabolizing enzymes of 
wheat stems subjected to water stress at anthesis. These results are an indication that 
the rate of sucrose synthesis or hydrolysis was dependent on the activity of SPS and 
invertase. Therefore, these two enzymes contributed to the changes in sugar 
concentrations under stressed conditions. They are a further indication of the flexibility 
in metabolism by sorghum to cope with different drought stressed conditions. 
These observations are also speculative of other abiotic stresses including salt stress. 
 
Although carbon flux in plants is regulated at multiple levels, transcriptional regulation is 
considered to be one of the major regulatory forms in controlling metabolic alteration in 
plants (Xue et al., 2008). Thus, transcriptomics serves as a valuable tool in establishing 
the interactions between genes involved in stress response mechanisms.  
The regulation of the sucrose biosynthesis enzymes at transcript level was therefore 
investigated. Quantitative expression analysis using RT-PCR showed a general 
increase in expression levels of genes involved in sucrose biosynthesis in stressed 
sorghum plants. The expression levels of the invertase gene were regulated by stress 
induction, with a significant up regulation evident in variety ICSV213. There was 
evidently a link between changes in invertase expression and the shift in sucrose to 
hexose accumulation under stress in this variety. Increase in the expression levels of 
invertase have previously been reported in the vegetative organs of stressed maize 
plants (Kim et al., 2000), which resulted in an increase in osmotic pressure that led to 
drought resistance. The significantly low invertase expression levels in relation to the 
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high enzyme activity under stressed conditions for ICSB338 and ICSB73 suggests that 
there are other factors that could attributed to the high enzyme activity, including 
substrate concentration and specificity.  
 
Gene expression levels of sucrose phosphate synthase were up regulated by stress in 
three of the four sorghum varieties. This concurs with previous observations in wheat 
leaves subjected to drought stress (Xue et al., 2008). A comparison of the gene 
expression levels between SPS and invertase indicated that SPS was more up 
regulated compared to the invertase. This observation demonstrated a disparity to the 
regulatory patterns observed at enzyme level where the invertases were predominantly 
up-regulated compared to SPS. This suggested that the expression levels of the SPS 
transcripts were not sufficient to increase SPS expression at protein level.  
Protein activity is often independent of transcript abundance and post-translational 
activity can increase or decrease protein activity, especially of enzymes.  
 
Sucrose synthase mRNA levels were up regulated by stress in two of the four sorghum 
varieties. This is in contrast to the insignificant regulation observed at protein levels. 
Schafleitner et al. (2007) previously reported on the up-regulation of two Arabidopsis 
sucrose synthase genes under drought stress conditions. The failure of these sorghum 
varieties to accumulate Susy protein in proportion to the amount of transcripts could be 
attributed to inefficient translation and other post-translational events including protein 
modification and stability. Similar observations were made by Talierco and Chourey 
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(1989) in maize seedlings where under anoxic stress sucrose synthase transcripts 
accumulated, but not protein. Sugar levels in plants are also dependent on the 
transportation activity of sugar transporters. The shift in carbon allocation from sucrose 
towards hexoses reported under stressed conditions could therefore be attributed to the 
regulation of these transporters.  
 
This study focused in particular on the regulation of sucrose biosynthesis transporters 
under stress. Sucrose transporters play a major role in modulating sucrose export to 
sink tissues for cellular energy demands in the plant during stress and osmoprotection 
(Ibraheem et al., 2011). The regulation of the sucrose transporter by stress induction 
was indicated by changes observed in expression in all four sorghum varieties.  
Of the four varieties, two (ICSV213 and S35) demonstrated significant up regulation of 
the mRNA levels of the transporter. The down-regulation of sucrose transporters has 
been demonstrated in stressed plants correlating with sucrose accumulation (Xue et al., 
2008; Noiraud et al., 2000). This has been linked to the decreased metabolic demands. 
In this study however, these transporters were up-regulated. It is postulated that this 
was for the purpose of transporting sucrose to sink tissues where it would be readily 
available for hydrolysis by invertases to the hexoses necessary for, in this instance, 
grain filling at anthesis even under these adverse conditions.    
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The observed changes in sugar levels with stress inductions was an indication that 
carbohydrate metabolism is amongst the defense mechanisms these sorghum varieties 
use to protect themselves against environmental stresses. Hexose accumulation 
confirmed stem reserve mobilization, thus highlighting the significant role of plant stems 
under stress when photosynthesis is compromised. 
 
Stem reserves are a powerful resource for grain filling and therefore sugar mobilization 
demonstrated their role at anthesis in the sorghum varieties subjected to stressed 
conditions. The increase in sucrose to hexose ratio indicated that hexoses could be 
involved in osmotic adjustment, and therefore their accumulation could be considered a 
strategy for stress adaptation by these varieties. Hexose accumulation also suggests 
that sucrose was used by these varieties as a carbon source for heterotrophic growth 
rather than an osmoprotectant. Hexose accumulation accompanied by an increase in 
invertase expression indicated that the induction of this enzyme was associated with 
drought-induced hyperosmotic stress. The corresponding increased SPS expression 
was an indication that the high invertase activity prevented most but not all sucrose 
accumulation. However there was a critical threshold of invertase activity at which high 
concentrations of sucrose did not accumulate. The difference in sugar levels observed 
across the varieties suggested the difference in response levels to stress amongst the 
varieties. These major differences could be attributed to differences in regulation of the 
invertase and SPS genes.  However, results indicated that sucrose biosynthesis genes 
were regulated by decrease in osmotic potential rather than changes in the sugar 
concentrations themselves.  
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Therefore, the expression of these genes was independent of the osmoticum effect 
suggesting an involvement of a signal transduction mechanism distinct from the 
regulating sucrose metabolizing enzyme activities. The differential stress-responsive 
mechanism of these genes could therefore represent part of a general response to the 
allocation of carbohydrates during acclimation period. Interestingly, variety ICSV213 
displayed a positive correlation between the hexose accumulation, sucrose depletion 
and the up regulated activity and transcript levels of invertase. These results suggested 
(i) a possible role of invertase in osmotic adjustment, and therefore a possible protection 
against dehydration in this variety. 
 
And (ii), that the ICSV213 sucrose biosynthesis genes are potential targets for 
metabolic engineering to improve stem soluble sugar concentrations in sorghum under 
adverse conditions. Using sugar content as a basis for characterization of drought 
tolerance, this variety would be considered the most tolerant based on the levels of its 
sugar content under stress compared to the other three varieties studied. Future studies 
are required to examine the role of cellular localization or developmental stages on the 
expression levels of these genes under stress. Gene expression studies of other 
sucrose-linked biosynthesis pathways together with expression correlation analysis 
studies should also be carried out to investigate the significance of co-regulation on 
sugar content under stress. Bioinformatics approaches would also aid in the 
investigation of cross links between the sugar biosynthesis and stress-related pathways. 
These investigations would aid in the elucidation of gene regulatory networks for 
controlling sucrose metabolism in sorghum under stress.  
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CHAPTER 4 
 Investigating changes in the Sorghum bicolor (L) Moench stem proteome in 
response to drought stress 
 
Abstract 
 
Sorghum is a drought-tolerant cereal crop, which is an important staple food in many 
arid regions of the world. Abiotic stress-related studies have demonstrated the 
importance of sorghum as a model plant for gaining a better understanding of the 
various molecular mechanisms plants adopt in response to stress. In this study, a 
comparative proteomic analysis on drought stress responses in two sorghum varieties 
(ICSB338 and ICSV213) was conducted. These varieties were selected based on their 
contrasting stress responses at the mRNA level. Western blotting analysis, using a 
known stress responsive protein Hsp70, indicated that the 10-day water deficit growth 
period was sufficient to induce stress responses at proteome level amongst the 
sorghum varieties. Through two-dimensional gel electrophoresis and mass 
spectrometry, differential protein expression patterns were observed between ICSB338 
and ICSV213. Of the twenty six proteins selected for identification, fourteen were 
positively annotated. These spots represented proteins with functions in carbohydrate 
metabolism (57.2%), amino acid metabolism (14.3%), disease/defense (14.3%), protein 
synthesis (7.1%), and signal transduction (7.1%). Two proteins, which were previously 
confirmed as stress-related proteins (isoflavone reductase homologue IRL and 
glutathione S-transferase), were up-regulated in ICSV213.  
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These results demonstrate that stress-induction activates regulatory mechanisms of 
response in various metabolic pathways. These mechanisms ultimately contribute to the 
variation in stress responses, in particular amongst these two varieties. There is also an 
indication that the proteins up-regulated in variety ICSV213 could be considered for 
transgenic studies towards stress-tolerant sorghum varieties.  
 
4.1 Introduction 
 
Plant stems play a major role in improving yield stability in crops, by providing an 
alternative source when photosynthetic capacity is reduced during periods of adverse 
environmental conditions such as cold, salinity and drought (Slewinski, 2012). 
Therefore, the understanding of the regulatory mechanisms of plant stems towards 
abiotic stress responses could contribute to increases in crop productivity under 
adverse environmental conditions. Stress-regulated proteins have been identified in 
stems of various plants including wheat and rice via proteomic studies 
(Ali and Komatsu, 2006; Song et al., 2011; Bazargani et al., 2011). These identified 
proteins are involved in diverse cellular functions including carbohydrate, nitrogen and 
energy metabolism, ROS scavenging, signal transduction, and RNA and protein 
processing (Nam et al., 2012). A large number of stress-related proteins reported in 
literature have however been identified through transcriptomic approaches, and not via 
proteomics. Furthermore, several studies have proven that changes in gene expression 
at transcript level often do not correlate with the protein level (Yan et al., 2005). 
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Therefore, in creating stress tolerant plants, more research in elucidating plant response 
to stress induction is important for the identification of stress-related proteins. 
Such research is crucial as protein accumulation under stress could be correlated to 
plant physiological responses, thus contributing to stress tolerance levels 
(Kosova et al., 2011).  
 
Stress-related studies on sorghum have made proteomics an increasingly important and 
effective approach in identifying stress-related proteins (Ngara et al., 2012;  
Swami et al., 2011). Despite these developments, little is known about the underlying 
regulatory mechanisms of stem reserve utilization under drought-induced stress in 
sorghum. Therefore, studies on sink-source interactions upon stress conditions at 
protein levels could significantly contribute to our understanding of physiological 
mechanisms (such as osmolyte accumulation) which aid to plant stress tolerance. 
These studies could also lead to the identification of molecular markers whose change 
in abundance could be linked with changes in physiological parameters used for 
categorizing a plant’s level of stress response. This study is, therefore, aimed at 
identifying candidate proteins for stress tolerance in sorghum varieties using proteomic 
approaches.   
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4.2 Materials and methods  
4.2.1 Stress treatment and protein extraction from sorghum stems 
 
Two sorghum varieties ICSB338 and ICSV213 were used as sources of plant material.  
The sorghum plants were obtained from the International Crop Research Institute for 
the Semi-Arid Tropics (ICRISAT) India and grown under conditions previously described 
in Section 2.2.1. Crude protein extracts were prepared from 4 biological replicated of 
each of the basal stem tissues and flag leaf tissues, and ground in liquid nitrogen using 
pestle and mortar. The extraction buffer used consisted of 100 mM Hepes-KOH (pH 
7.5), 2 mM EDTA, 5 mM DTT, 4 mM MgCl2, 10% glycerol and 2% PVPP.  Extracts were 
centrifuged for 4 min at 12000 rpm at 4°C.  Crude protein extracts were transferred to 
Sephadex G-50 spin columns pre-equilibrated in extraction buffer and centrifuged for 2 
min at 4000 rpm at 4 °C.  The supernatant containing soluble protein fraction was 
collected and stored at -20°C until further use for protein quantification and 
electrophoresis.  
 
4.2.2 Protein quantification 
 
The concentration of all protein extracts was determined using a modified Bradford 
Assay (Bradford, 1976), as previously described by Ndimba et al., (2003). Bovine serum 
albumin (BSA) standards were prepared in triplicates from a 1 mg/ml BSA stock solution 
in a bottom-flat micro-titer plate as indicated in Table 3.1 (Section 3.2.4.2).  
Protein extracts were prepared in triplicates by mixing 10 μl of unknown protein sample 
with a 190 μl of diluted Bradford reagent.  
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The same volume of the diluted Bradford reagent was added to 10 μl of the standards to 
make up a total volume of 200 μl. The flat-bottom micro-titer plate containing standards 
and protein extracts was incubated for 5 min at room temperature. Absorbance was 
measured at 595 nm in a POLARstar OMEGA micro-titer plate reader (BMG LABTECH 
GmbH, Germany) using Bradford reagent as a blank. BSA standards were used to 
derive a standard curve from which concentrations of all the unknown protein extract 
samples were extrapolated. 
 
4.2.3 SDS-PAGE and Immunoblotting for Heat shock protein 70 (Hsp70) 
 
Flag leaf (20 μg) and stem (60 μg) proteins were separated in a 12% resolving and 5% 
stacking gel at 120V using a Mini-PROTEAN® 3 Electrophoresis Cell (BIO-RAD) 
(Laemmli, 1970) using a PowerPac™ Universal Power supply (BIO-RAD). 
Constituents of the resolving and stacking gels are listed in Appendix B. Prior to 
electrophoresis, 2x SDS sample loading buffer was added to the protein extracts were 
denatured , followed by the boiling of the samples on a VWR digital heat block 
(TROEMNER USA) at 95°C for 10 minutes. After heating the samples were pulse spun 
in a centrifuge and loaded on to the gels. A high molecular weight marker (PageRuler™ 
Unstained Protein Ladder Thermo Scientific, United Kingdom) was used for molecular 
mass determination. After separation, the gels were stained with three different 
concentrations of Coomassie brilliant blue stain (Appendix C). The gel was immersed in 
CBB stain I, heated for 1 minute in a microwave and incubated for 1 hour with shaking 
at room temperature.  
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The CBB solution I was discarded and the staining procedure repeated with CBB II and 
CBB III, respectively. After staining, the gel was immersed in de-staining solution at 
room temperature with shaking until the protein bands were clearly visible. 
For the western blots, a high range blot marker (pre-stained SDS-PAGE Standards, 
BIO-RAD) was applied to the gel. 
 
After gel electrophoresis of the flag leaf extracts, the proteins were blotted onto 
polyvinylidene difluoride (PVDF) membrane (Hybond-P PVDF membrane, GE 
Healthcare) at 25 V for 10 minutes using a semi-dryblot (BIO-RAD). The blocking of 
non-specific binding and the subsequent immuno-reactions were carried out as 
described by Ngara et al. (2012). The membrane was incubated with the primary 
antibody [human HeLa cells anti-Hsp70/Hsc70 monoclonal antibody raised in mouse 
(Stressgen Bioreagents Corp., Victoria, Canada)] diluted 1:1000 in 2.5% (w/v) blocking 
solution (Appendix I) for 1 hour. The membrane was washed three times with TBST 
[TBS containing 0.1% (v/v) Tween 20] for 10 minutes per wash. The membrane was 
then washed with 0.5% (v/v) blocking solution for 10 minutes and incubated with the 
secondary antibody [goat anti-mouse IgG (H & L) horseradish peroxidase conjugate 
(Invitrogen Corp., Carlsbad, CA, USA)] diluted 1:2000 in 2.5% (w/v) blocking solution for 
1 hour. The membrane was washed three times in TBST, for 15 minutes per wash. Heat 
shock proteins were detected using a SuperSignal West Pico Chemiluminescent 
Substrate (Pierce Biotechnology Inc., Rockford, IL, USA) according to the 
manufacturer’s instructions.  
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The PVDF membrane was exposed and automatically developed using the UVP 
Imaging System (UVP Bio-Spectrum Imaging System (Upland, CA, USA).  
 
4.2.4 Two Dimensional (2D) SDS-PAGE  
 
4.2.4.1 Sample preparation 
 
Protein samples for 2D SDS-PAGE were prepared by mixing 300 μg of each of the stem 
protein extracts with 1.25 μl of 40% (w/v) BioLyte (3/10) ampholytes (BIO-RAD) and 
50% (w/v) DTT. This was made up to a final volume of 125 μl using urea buffer (9 M 
urea, 2 M thiourea and 4% 3 [(Cholamidopropyl)dimethylammonio]-1-propanesulfonate 
(CHAPS). The rehydration solution of each protein sample was briefly vortexed, pulse 
spun and pipetted on to an ImmobilineTM re-swelling tray (GE Healthcare, Amersham, 
UK). Seven cm, pH 4-7 ReadyStrip (BIO-RAD) IPG strips were placed on the samples, 
with the gel side of the strip in contact with the protein sample. The strips were then 
covered with mineral oil. The strips were left to re-hydrate passively overnight at room 
temperature. 
 
4.2.4.2 Isoelectric focusing (IEF) of the IPG Strips 
 
Following rehydration, IPG strips were briefly rinsed with distilled water to remove 
unabsorbed protein sample and carefully blotted with moist filter paper. The strips were 
then placed gel side up on the focusing platform of an EttanTM IPGphor IITM  
(GE Healthcare).  
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Distilled water moistened wicks were placed at the extreme ends of both the anodic and 
cathodic ends of the IPG strips to collect excess salts and impurities from the sample 
during focusing. The IPG strips were then covered with mineral oil to avoid sample 
evaporation and carbon dioxide absorption during focusing. Isoelectric focusing was 
performed in a three-phase stepwise program at 20°C as indicated in Table 4.1.  
 
     Table 4.1: IEF conditions for 7cm (pH 4-7) IPG strips 
Step Voltage 
(V) 
Time 
(hrs)/Volts 
hours (Vhrs) 
1 250 0.15 
2 4000 1 
3 4000 12000 
   
 
 
4.2.4.3 IPG Equilibration for Second Dimension 
 
Following the completion of IEF, the IPG strips were equilibrated with 1 X SDS PAGE 
running buffer. The focused IPG strips were incubated gel-side up in reswelling tray 
channels containing 2.5 ml equilibration buffer I (6M urea, 2% SDS, 0,375M Tris-HCl 
(pH 8.8); 20% glycerol and 2% DTT) for 20 minutes followed by equilibration buffer II  
(6M urea, 2% SDS, 0,375 M Tris-HCl (pH 8.8), 20% glycerol and 2, 5% iodoacetamide) 
for another 20 minutes with gentle agitation at room temperature. 
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After equilibration, the strips were briefly immersed in 1X SDS PAGE running buffer and 
subsequently used on second- dimension SDS-PAGE.   
 
4.2.4.4 2DE preparation and running 
 
For the second dimension electrophoresis, a 12% (v/v) resolving gel solution was 
prepared as indicated in Appendix B. The resolving gel solution was poured into the 
cast plates according to the instruction manual and each gel was overlaid with 1 ml of 
100% isopropanol. The gels were left to polymerize for 1 hour at room temperature. 
After polymerization, the isopropanol overlay was rinsed off with distilled water and gel 
surfaces were blotted dry with filter paper. Equilibrated IPG strips were gently rinsed 
with 1X SDS-PAGE running buffer and placed on top of the mini format 12% SDS-
PAGE resolving gels with the plastic backing against the spacer plate.  
Three microlitres of PageRulerTM unstained protein ladder (Fermentas Life Sciences, 
Ontario, Canada) were spotted onto a small piece of filter paper, air-dried and placed at 
the anodic side of each IPG strip. The IPG strips were then overlaid with 1 ml of 0.5% 
(w/v) molten agarose prepared in 1X SDS-PAGE running buffer containing a tint of 
bromophenol blue. The bromophenol blue dye was used as a migration-tracking dye 
during electrophoresis. Electrophoresis was carried out using the Mini-PROTEAN® gel 
tanks (BIO-RAD) at 120 V until the bromophenol dye reached the bottom of the glass 
plates. After the second dimension, gels were stained with CBB as described in Section 
4.2.3. 
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4.2.5 Comparative 2D SDS-PAGE analysis 
 
Comparative analysis of 2D gels was done using PDQuest Advanced 2D Analysis 
Software, version 8.0.1 build 055 (BIO-RAD). 2D gels were initially imaged using the 
Molecular Imager PharosFX Plus System (BIO-RAD) and then analyzed according to 
the PDQuestTM Advanced 2D Analysis Software user manual (BIO-RAD). PDQuest 
experiments were created with each treatment group having three technical replicates. 
Prior to differential protein expression analysis across treatment groups of each 
experiment, spots were manually edited using the group consensus tool to obtain spot 
expression consensus in all three biological replicates per treatment group. 
Differentially expressed protein spots were qualitative (present/absent spots), 
quantitative (showing at least a 2-fold expression change) and/or Student’s t-test (95% 
significance level) significant spots. Well-resolved protein spots were manually picked 
using pipette tips, for identification using mass spectrometry. 
 
4.2.6 Mass Spectrometry (MS) 
 
4.2.6.1 Protein spot excision and tryptic digestion from 2D gels 
 
The protein spots were excised from the gel using 20 μl pipette tips. Gel pieces were 
washed twice for 5 minutes using 50 mM ammonium bicarbonate to get rid of any dust 
that might be in the tube in addition to washing away gel buffers. This was followed by 
destaining for 30 minutes using 50 mM ammonium bicarbonate and acetonitrile at a 
ratio of 1:1, with occasional vortexing.  
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The gel pieces were dehydrated with 100 μl acetonitrile for 5 minutes, and then 
completely desiccated using the Speed Vac SC100 (ThermoSavant, Waltham, MA, 
USA). Proteins were in-gel digested overnight at 37°C with approximately 20 ng 
sequencing grade modified trypsin (Promega, Madison, WI, USA) dissolved in 50 mM 
ammonium bicarbonate. After at least 18 hours, trypsin was inactivated by quenching 
with 5 l of 2% trifluoroacetic acid (TFA). This brought the pH of the tryptic digest to 
approximately pH 2. The supernatants were desalted using C-18 Zip-Tips, according to 
manufactures instructions (ZTC 185096, Merck, Darmstadt, Germany). 
 
4.2.6.2 Protein identification using MALDI-TOF MS 
 
MALDI-TOF MS and LIFT MS/MS were performed using an UltrafleXtreme MALDI 
TOF/TOF system (Bruker Daltonics) with instrument control through Flex Control 3.4. 
Approximately 0.5 l of each digest was spotted onto a PAC II HCCA pre-spotted 
anchor chip MALDI target plate for peptide mass fingerprinting. Peptides were ionized 
with a 337 nm laser and spectra were acquired in reflector positive mode at a 28 kV 
using 500 laser shots per spectrum with a scan range of m/z = 700 – 4000 Da. Spectra 
were internally calibrated using PAC II peptide calibration standard (Bruker Daltonics). 
This calibration method provided a mass accuracy of 50 ppm across the mass range 
700 to 4000 Da. Peptide spectra of accumulated 3,000 shots were automatically 
processed using Biotools 3.2 software (Bruker Daltonics). Database interrogation was 
performed with the MASCOT algorithm using the SwissProt database on a Bio-tools 3.2 
workstation.  
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The search parameters were: taxonomy - other green plants; enzyme - trypsin; missed 
cleavages - 1; fixed modification - carbamidomethyl (C); variable modification - oxidation 
(M); precursor tolerance - 50 ppm; fragment tolerance - 0.7 Da. Candidate protein 
matches with molecular weight search (MOWSE) score greater than 55 were 
considered as positive identifications. 
 
4.3 Results and Discussion 
4.3.1 Hsp 70 expression patterns in sorghum flag leaves following drought stress 
To establish whether the 10-day water deficit period was sufficient to induce a 
hyperosmotic effect at protein level, the expression levels of a known stress responsive 
protein, Hsp70, were investigated. Four biological replicates of each of the watered and 
stressed flag leaf samples of both ICSB338 and ICSV213 sorghum varieties were used. 
Figure 4.1 demonstrates immunoblots of Hsp70 in watered and stressed plants of 
varieties ICSB338 and ICSV213. In both varieties, a single protein band with a relative 
molecular weight of 70 kDa was reactive to the Hsp70 antibody used. Enhanced levels 
of Hsp70 were evident in the treated sorghum plants compared to the watered plants in 
both varieties (Figure 4.1). 
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Figure 4.1: Western blot analysis of Hsp70 expression patterns on (A) ICSB338 and (B) ICSV213 
sorghum flag leaf protein extracts. Lane M - molecular weight marker. Lanes 1-4 represents independent 
biological replicate protein extracts from stressed samples. Lanes 5-8 represents protein extracts from 
watered sorghum plants 
 
4.3.2 1D protein profiles of sorghum stem proteins following drought stress 
 
1D gel electrophoresis was used to evaluate the quality and quantity of the stem protein 
extracts prior to 2D gel electrophoresis. Figure 4.2 shows CBB stained 1D of stem 
proteome profiles of the two sorghum varieties. From these profiles it was observed that 
the quality of the stem protein extracts was good; showing no visible signs of streaking 
or protein degradation. The sample loading was also uniform. The biological replicates 
(Lane 1-4; and Lane 5-8) within an experiment (Figure 4.2 A and B) showed high 
similarity in terms of protein expression, abundance and banding patterns.  
This suggests that protein preparation was reproducible between independent 
extractions.  
 
 
 
 
 93 
 
 
Figure 4.2: One dimensional gel electrophoresis analysis of total stem protein of sorghum ICSB338 (A) 
and ICSV213 (B) plants following drought stress. Lane M is the molecular weight marker. Lanes 1-4 
represent stem extracts from watered sorghum plants from independent biological replicates. Lanes 5-8 
represent stem extracts from stressed sorghum plants. These gels are representatives of 3 1D gels 
 
4.3.3 2D gels of sorghum stem proteins of ICSB338 and ICSV213 
 
Three of the four biological replicates of stem protein extracts, from each treatment of 
each variety, were randomly selected for 2DE analysis. A total of 300 g protein sample 
was loaded onto IPG strips. For all samples, IPG strips of pH range 4-7 were used.  
This was the range in which most soluble proteins were confined. Figures 4.3 and 4.4 
illustrate representative 2D gels of stem tissues in both watered (A) and stressed (B) 
samples of ICSB338 and ICSV213 sorghum varieties respectively. In general, ICSB338 
and ICSV213 varieties demonstrated uniform protein profiles. However, differences in 
protein expression patterns were observed.  
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Figure 4.3: 2D gel electrophoresis of stem protein extracts of ICSB338 sorghum variety on pH 4-7 IPG 
strip. An approximate 300 μg of total soluble protein was loaded onto a 12% SDS-PAGE gel. (A) watered 
(B) stressed. These gels are representatives of 3 2D gels 
 
 
Figure 4.4: Two dimensional gel electrophoresis of stem protein extracts of ICSV213 sorghum variety on 
pH 4-7 IPG strip. An approximate 300 μg of total soluble protein was loaded onto a 12% SDS-PAGE gel. 
(A) watered (B) stressed. These gels are representatives of 3 2D gels 
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4.3.4 Comparative analysis of stress-responsive proteins of ICSB338 and  
ICSV 213 
 
The stem proteome of both watered and stressed plants of ICSB338 and ICSV213 
varieties were compared using the PDQuestTM software. Figure 4.5 and 4.6 represent 
biological replicate gels used for each treatment group of each variety respectively.  
The master gel of each experiment, automatically generated by the software, includes 
all spots that are reproducibly present in all biological replicate gels per treatment group. 
The proteins spots were detected as up/down regulated, or common between the 
treatment groups. They were also categorized by the software as qualitative, 
quantitative or statistically significant. Table 4.2 gives a summary of the PDQuestTM 
results per treatment group (control and drought treatment) per sorghum variety.  
 
4.3.4.1 Qualitative differential protein expression analysis set 
 
Qualitative spots are the number of spots that were detected in either the watered or 
stressed groups but not in both. In this experiment, only one qualitative spot following 
stress was observed in ICSB338 sorghum stem proteome (Table 4.2). This spot was 
induced by stress and thus only present in the stressed ICSB338 stem proteome. 
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4.3.4.2 Quantitative differential protein expression analysis set 
 
The quantitative spots are those showing at least 2-fold expression change following 
treatment, and are either up or down regulated. A total of 9 and 14 protein spots 
showed at least a 2-fold change in abundance between the control and treatment 
groups of ICSB338 and ICSV213 stem proteomes, respectively. In variety ICSB338, the 
abundance of 7 spots increased, while those of 2 spots decreased, following stress 
treatment. Of the 14 quantitative protein spots of ICSV213, the abundance of 4 spots 
increased, while those of 10 spots decreased, following treatment.   
 
4.3.4.3 Student’s t-test differential protein expression analysis set 
 
The Student’s t-test determines the differentially expressed spots at 95% significance 
level. The abundance of 7 ICSB338 stem proteins and 3 ICSV213 stem proteins were 
shown to be significantly different between the control and treatment groups of each 
variety, respectively. Of these, the abundance of 5 spots increased in ICSB338 whilst 1 
spot was decreased and 1 induced. Of the 3 spots differentially expressed in ICSV213, 
1 spot was decreased and 2 induced following treatment.   
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Figure 4.5: PDQuest 
TM
 analysis gels of ICSB338 sorghum stem proteome. Three biological replicates for each treatment group (watered and 
drought stressed) are shown. The master gel was automatically created by the analysis software and it contains spots that are reproducibly 
expressed in each group 
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Figure 4.6: PDQuest TM analysis gels of ICSV213 sorghum stem proteome. Three biological replicates for each treatment group (control and 
drought stressed) are shown. The master gel was automatically created by the analysis software and it contains spots that are reproducibly 
expressed in each group 
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Table 4.2: A summary of comparative proteomics of drought stress responsive stem proteins of ICSB338 
and ICSV213 sorghum varieties 
Sorghum           Total                    Qualitative       Quantitative       Students’s t-test 
Variety              spots                     spots                 spots                    spots of significance 
 
                Watered    Treatment 
 
ICBS 338     143            66                1                       9                                    7 
                                                     [1 up]          [2 down; 7 up]                   [1 induced; 5 up; 
                                                                                                                    1 down] 
 
ICSV 213     211           135                0                       14                                  3 
                                                                               [10 down; 4 up]            [2 induced; 1 down]    
 
The total spots are the total reproducible spots amongst the biological replicate gels of 
each treatment group per sorghum variety. Qualitative spots are the number of spots 
that are only present in either control or drought treatments. The quantitative spots are 
those showing at least 2-fold expression changes following treatment. The Student’s t-
test determines differentially expressed spots at a 95% significance level. Induced: 
spots present only in the drought treatment group, up: spots with increased 
abundances after drought stress, down: spots with decreased abundance after drought 
stress 
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4.3.5 Landmarking drought stress responsive protein spots in the stem proteome 
of the two sorghum varieties 
 
A stem proteome reference map was established for landmarking the differential protein 
expression patterns in response to stress induction in the two sorghum varieties under 
study. Figure 4.7 indicates a combination of drought stress responsive and non-
responsive spots from both sorghum varieties amongst the 26 spots that were picked 
for MALDI-TOF MS and MALDI-TOF TOF MS analysis. Table 4.3 summarizes proteins 
annotated by MS analysis, and Table 4.4 and 4.5 the number of stress-responsive and 
non-responsive proteins between ICSB338 and ICSV213 sorghum varieties. Of the 26 
proteins selected amongst the two varieties, 23 spots were responsive and 3 spots non-
responsive to drought stress, respectively. Of these responsive spots, the abundances 
of 16 and 19 spots changed between the watered and stressed groups of ICSB338 and 
ICSV213, respectively (Table 4.4 and 4.5). Of the 19 responsive proteins of ICSV213, 
14 were up-regulated and 5 down-regulated. For ICS338, 7 were up-regulated whilst 9 
were down-regulated by stress. Twelve protein spots (2; 7; 8; 9; 10; 11; 13; 14; 15; 16; 
17; 20) were responsive for both varieties. Of these, spot 9, which does not match any 
protein on the database, was down regulated in both ICSB338 and ICSV213. 
A majority of the spots identified on the database were differentially regulated in 
ICSB338 and ICSV213 (Table 4.4 and 4.5) following stress induction.   
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Figure 4.7: A representative CBB stained 2D gel of the sorghum stem proteome showing spots picked for 
mass spectrometry. Protein spots that were up or down regulated, induced or repressed, annotated or 
non-annotated are represented in the gel 
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Table 4.3: List of sorghum stem proteins identified by MALDI-TOF MS and MALDI-TOF-TOF MS 
Spot 
a)
 Best Protein Match Plant Species Accession  
b)
 
MOWSE 
score 
c)
 
Theo,MW/pI 
d)
 Exp.MW/pI 
e)
 Location 
f)
 
 
  
Carbohydrate metabolism 
      
13 Triosephosphate isomerase Zea mays P12863 112 27/5.5 27/5.5 cytoplasm 
12 Enolase 1 Zea mays P26301 76 48/5.2 48/5.2 cytoplasm 
15 Enolase 1 Zea mays P26301 155 48/5.2 48/5.2 cytoplasm 
16 
2,3-bisphosphoglycerate-independent 
phosphoglycerate mutase 
Zea mays P30792 94 60/5.3 60/5.3 cytoplasm 
21 RuBisCO, large subunit 
Aethionema 
cordifolium 
A4QJC3 135 53/6.1 53/6.0 chloroplast 
7 Alpha-1,4-glucan-protein synthase  Zea mays P80607 108 41/5.8 41/5.8 n.d 
24 Alpha-1,4-glucan-protein synthase  Zea mays P80607 108 41/5.8 41/5.8 n.d 
26 Phosphoenolpyruvate carboxylase 3 
Sorghum 
bicolor 
P15804 61 108/5.9 108/5.9 cytoplasm 
 Amino acid metabolism       
23 
5-methyltetradydropteroyltriglutamate-
homocysteine methyltransferase 
Catharanthus 
roseus 
Q42699  94 84/6.1 85/6.1 cytoplasm 
18 Adenosylhomocysteinase 
Triticum 
aestivum 
P32112 147 53/5.6 54/5.6 n.d 
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Spot 
a)
 Best Protein Match Plant Species 
Accession No 
b)
 
MOWSE 
score 
c)
 Theo,MW/pI 
d)
 Exp.MW/pI 
e)
 Location 
f)
 
 Protein synthesis       
22 Eukaryotic translation initiation factor 5A Zea mays P80639 58 175/5.6 177/5.6 n.d 
        
 Signaling       
6 14-3-3-like protein 2 (fragments) 
Pseudotsuga 
menziesii P85939 77 n.d 77/4.2 n.d 
        
 Stress/Defence       
20 Isoflavone reductase homolog IRL Zea mays P52580 79 32/5.7 33/5.7 cytoplasm 
25 Glutathione S-transferase Zea mays P12653 97 24/5.5 24/5.4 cytoplasm 
        
 Spots with no significant matches       
 1,2,3,4,5,8,9,10,11,14,17,19       
        
 
 
a) Spot number as indicated on the 2D gel image (Fig 4.7) 
b) Accession number in the SwissProt database 
c) Mascot score 
d) Theoretical Mr (kDa) and pI obtained from SwissProt database 
e) Experimental Mr (kDa) and pI obtained from SwissProt database 
f) Subcellular localization 
g)       n.d - not defined 
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Table 4.4: Sorghum stem protein spots differentially expressed under drought stress conditions identified 
by MALDI-TOF MS 
Spot 
a)
 Best Protein Match Accession  
b)
  ICSB338  ICSV213  
 
  
Carbohydrate metabolism    
13 Triosephosphate isomerase P12863 up 
c;e) 
 down 
e)
 
12 Enolase 1 P26301 * up 
c,e) 
 
15 Enolase 1 P26301 down 
d) 
 up 
e) 
 
16 
2,3-bisphosphoglycerate-independent 
phosphoglycerate mutase P30792 down  
e)
 up 
d;e) 
 
21 RuBisCO, large subunit A4QJC3 * up 
e) 
 
7 Alpha-1,4-glucan-protein synthase  P80607 up 
d;e)
 
  
down 
e) 
 
24 Alpha-1,4-glucan-protein synthase  P80607 * - 
26 Phosphoenolpyruvate carboxylase 3 P15804 down
 d) 
 - 
 Amino acid metabolism    
23 
5-methyltetradydropteroyltriglutamate-
homocysteine methyltransferase Q42699  - up 
c) 
 
18 Adenosylhomocysteinase P32112 * up 
e)
 
 Protein synthesis    
22 Eukaryotic translation initiation factor 5A P80639 up 
d;e) 
 - 
 Signaling    
6 14-3-3-like protein 2 (fragments) P85939 * up 
d) 
 
 Stress/Defence    
20 Isoflavone reductase homolog IRL P52580 down 
d)
 up 
d)
  
25 Glutathione S-transferase P12653 - up 
d) 
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Table 4.5: Unidentified sorghum stem protein spots differentially expressed under drought stress 
conditions 
Spots with no significant matches ICSB338 ICSV213 
1 down 
d)
 - 
2 up 
d)
 down 
d)
 
3 * - 
4 * up 
e) 
 
5 * - 
8 down 
d)
 up
 d)
 
9 down 
d) 
 down 
d)
 
10 down 
d) 
 up
 e)
 
11 down 
d;e) 
 up 
c)
 
14 up 
d)
 down 
e)
 
17 up 
c;d)
 down
 d)
 
19 up 
c;d) 
 * 
   
 
 
 
 
 
 
 
 
 
 
 
 
a) Spot number as indicated on the 2D gel image (Fig 4.7) 
b) Accession number in the SwissProt database 
c) Spots only present in either control or treatment group 
d) Spots showing at least a 2-fold expression change following drought induction 
e) Differential expression as determined by the student’s t-test at 95% significance level 
       * Spot not present either in control or treatment groups of ICB338 or ICSV213 
       up: increased expression following stress induction 
       down: decreased expression following stress induction 
       -no significant change in abundance between control and treatment groups 
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4.3.6 Biological significance of the differential protein expression between the 
two sorghum varieties after drought treatment  
 
 
Figure 4.8: Functional annotation of the identified proteins classified by biological function. Proteins were 
grouped into functional categories using data available on the UniProt database (www.uniprot.org) and 
according to Bevan et al., (1998) 
 
The proteins identified by mass spectrometry were grouped into fundamental biological 
processes (Table 4.3 and Figure 4.8) according to Bevan et al., (1998). This served the 
purpose of speculating on the phenotypic implications of the differential expression 
patterns observed in the two sorghum varieties under study.   
 
4.3.6.1 Carbohydrate metabolism 
 
Of the 8 proteins identified to have putative functions in carbohydrate metabolism  
(Table 4.3 and Figure 4.8), a total of 5 and 6 were stress responsive in ICSB338 and 
ICSV213 sorghum varieties, respectively. Six protein spots involved in glycolysis and/or 
gluconeogenesis were responsive to stress (Table 4.4). These included spot 12 and 15 
(Enolase 1); spot 13 (triosephosphate isomerase); spot 16 (2,3-biphosphoglycerate-
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independent phosphoglycerate mutase)(iPGAM) and, spot 7 and 24 (Alpha-1, 4-glucan-
protein synthase). Under stress conditions, plant metabolic pathways are disturbed.  
As a result, in order to maintain homeostasis under these conditions, plants are required 
to strengthen their resistance mechanisms such as ion transport, reactive oxygen 
species (ROS) scavenging and osmolyte synthesis (Yan et al., 2005). These processes 
require energy, which is supplied by glycolysis, an energy-producing pathway.  
Therefore, the regulation of these glycolysis proteins modulates energy supply in plant 
cells.  
 
Cabiscol et al., (2000) proposed that the inactivation of these proteins would slow down 
glycolysis and consequently arrest energy metabolism under stress conditions, leading 
to the inhibition of ROS scavenging. Increased expression levels of triosephosphate 
isomerase in response to stress have been reported previously in rice, maize and 
poplar trees (Yan et al., 2005; Riccardi et al., 1998). These findings concur with the 
observations made for the ICSB338 sorghum variety. The repression of this protein in 
ICSV213 following stress treatment is unknown. Plomion et al. (2006) also reported on 
the repressed expression levels of this protein in poplar trees following drought stress. 
The up regulation of enolase 1 and Ipgam proteins following stress was observed in 
ICSV213.   
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Previous reports on rice roots, transgenic rice, maize and Arabidopsis also 
demonstrated increased expression levels of these proteins following stress treatments 
(Yan et al., 2005; Nam et al., 2012; Riccardi et al., 1998; Ndimba et al., 2005).   
Both proteins were repressed in ICSB338 under treatment. Similar observations were 
previously made in poplar trees subjected to drought and heat stress (Plomion et al., 
2006; Ferreira et al., 2006).   
 
Alpha-1, 4-glucan-protein synthase is involved in cell wall synthesis. Previous stress-
related studies demonstrated the regulation of this protein under adverse environmental 
conditions. Increases in expression levels of alpha-1, 4-glucan-protein synthase 
following stress induction have been demonstrated in rice roots and leaves as observed 
in ICSB338 (Lee et al., 2010). The repression of this protein was reported in ICSV213 
with similar observations previously made by Plomion et al., (2006).  
Differential regulation of this protein between the two varieties could be attributed to 
which metabolic pathway is more prioritized in each plant under stress. ICSV213 
promotes glycolysis to meet energy demands of the plant under stress, hence the 
down-regulation of this protein. On the other hand, ICSB338 promotes gluconeogenesis 
for cell wall synthesis. The role of cell walls in stress response is however not well 
documented.  
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Two spots involved in the carboxylation phase of the Calvin cycle were identified.  
These included spot 21 (RuBisCo large unit) and 26 (phosphoenolpyruvate carboxylase 
3 (PEPC). The RuBisCo large subunit spot was responsive only in ICSV213 with 
increased abundance following stress treatment (Table 4.4). PEPC abundance was 
reduced in response to stress treatment in variety ICSB338. Both proteins are important 
in the Calvin cycle for CO2 assimilation, and therefore essential for photosynthesis 
efficiency (Shi et al., 2014). As a bifunctional protein, RuBisCo has the capacity of 
competitively using CO2 or O2 depending on the physiological state of the plant (Tolbert, 
1997). Under stress exposure, plants are more prone to photorespiration, a wasteful 
process involved in the release rather than the fixation of carbon dioxide, which results 
in an overall reduction in plant productivity.  
 
Several studies have reported on oxygenase activity of RuBisCo catalyzing the first step 
of photorespiration (Moreno and Spreitzer, 1999; Duff et al., 2000). Plants subjected to 
abiotic stresses have been reported to show enhanced respiration, initiated by enhance 
oxygenase activity of RuBiSco (Sivakumar et al., 2000; Sivakumar et al., 2002). 
Therefore, increased abundance levels of RuBisCo following stress in ICSV213 might 
be attributed to enhanced photorespiration. Abundance levels for the ICSB338 RuBisCo 
remained unaltered following stress. It should be noted that the molecular weight of 
RuBiSco predicted by MS/MS analysis was not reflective of the weight observed for this 
spot (21) in the 2D-SDS gel, as a Mr lower than predicted was observed.  
 
 
 
 
 110 
 
This could be attributed to protein degradation. Feller et al., (2008) has reported on the 
rapid degradation of RuBisCo fragments of the large subunit under abiotic stresses, a 
finding that supports our observations. 
 
PEPC was modulated by stress induction in ICSB338; indicating the involvement of 
carbon fixation for photosynthesis under stressed conditions. The reduced levels of 
PEPC abundance was however reflective of the reduced carbon fixation, thus reduced 
photosynthesis efficiency. A decline in PEPC abundance levels has been reported in 
the leaves and nodules of chick-pea (Cicer arietinum L.) subjected to salt treatment 
(Soussi et al., 1998); and cucumber cotyledons under leaf senescence  
(Chen et al., 2000). The molecular weight of PEPC predicted by MS/MS analysis was 
not reflective of the weight observed for this spot (26) in the gel. This could be attributed 
to proteolysis, as was reported by Pladys and Vance (1993) on alfafa (Medicago sativa) 
nodules during senescence. Another possible explanation is the occurrence of different 
PEPC isoforms in nature, which show differential expression in response to 
environmental stress (Sánchez et al., 2006). Immunoblots used in both studies 
supported our speculations on the observed discrepancies for this protein.  
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4.3.7.2 Amino acid metabolism 
 
Hyperosmotic stresses have been shown to cause changes in the pool of free amino 
acids essential in plant metabolism (Wang et al., 1999). Here we found two amino acid 
biosynthesis-related proteins whose cellular levels are affected by drought treatments. 
The abundances of 5-methyltetra-hydropteroyltriglutamatehomocysteine 
methyltransferase (MHMT) (spot 23) and adenosylhomocysteinase (spot 18) were 
increased in ICSB338 following stress treatments (Table 4.5).   
 
No significant changes in MHMT were detected in ICSV213 with stress induction, 
whereas adenosylhomocysteinase was not detected in either watered or stressed 
ICSV213 plants. MHMT and adenosylhomocysteinase are involved in the pathway of 
the synthesis of betaine, an osmoprotectant involved in plant metabolic adjustment 
under unfavourable growth conditions. Increases in expression levels of MHMT 
following stress induction have also been reported in Arabidopsis (Ndimba et al., 2005). 
Li et al. (2011) reported increased levels of adenosylhomocysteinase following stress 
treatments on Suaeda salsa, a C3 plant. The different expression patterns of these 
proteins involved in the synthesis of betaine suggest that the synthesis of betaine is 
regulated by drought stress, and that betaine accumulation is triggered in ICSB338 with 
stress induction.  
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4.3.7.3 Stress/Defense 
 
The glutathione S transferase (GST) (spot 25) was increased in ICSV213 with stress 
induction. Drought stress induces oxidative damage at cellular level, which results in the 
accumulation of ROS (Chaves et al., 2009; Valliyodan and Nguyen, 2006).  
To protect themselves against these toxic oxygen intermediates, plants have antioxidant 
enzymes, such as superoxide dismutases, catalases, ascorbate peroxidases (APX), 
glutathione S-transferases (GST) and glutathione peroxidases (GPX) (Roxas et al., 
2000; Salekdeh et al., 2002; Ndimba et al., 2005; Haluskova et al., 2009; Gomez-Garay 
et al., 2013) that catalyze the scavenging of ROS. GST activity is dependent upon the 
availability of reduced glutathione. This protein conjugates glutathione to products of 
oxidative stress (Edwards et al., 2000). Increased levels of GST following stress have 
also been reported in tomato (Solanum lycopersicum) leaves (Csiszar et al., 2014); 
barley root tips (Haluskova et al., 2009) and in different rice genotypes (Kumar et al., 
2013). 
 
The isoflavone reductase homologue (IRL) (spot 20) was decreased in ICSB338 and 
increased in ICSV213 in response to water stress. This protein is a ROS scavenging 
enzyme involved in a glutathione-independent mechanism (Alam et al., 2010).  
It accumulates in response to oxidative stress, which is correlated with drought stress 
occurrence. Increased levels of isoflavone reductase in response to oxidative stress 
have been demonstrated in rice suspension-culture cells treated with oxidants, over-
expressing IRL (Kim et al., 2010).  
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Their results confirm that rice transgenic plants confer a strong resistance to oxidative 
stresses. The down-regulation of isoflavone reductase in sorghum variety ICSB338 
could be attributed to its suppression by the presence of tripeptide glutathione (GSH), 
which is a ROS quenching chemical. The increased levels of GST and IRL in ICSV213 
under drought stress indicate that these proteins may act as down regulators to prevent 
excess ROS during oxidative stress 
 
4.3.7.4 Other drought stress responsive proteins 
 
Other drought stress responsive proteins observed (Table 4.4 and 4.5) include 
eukaryotic translation elongation factor 5A (spot 22), 14-3-3 like protein 2 (fragment) 
(spot 6) and several unidentified proteins (spots 1; 2; 4; 8; 9; 10; 11; 14; 17; 19).  
Of these spots 22 had increased abundance following stress in ICSV213 but no 
significant changes were observed in ICSB338.    
 
Plant eIF5A proteins are highly conserved and are involved in multiple biological 
processes, including protein synthesis and regulation, translation elongation, mRNA 
turnover and programmed cell death (Wang and Krishnaswamy, 2012). 
Furthermore, elF5A confers abiotic stress resistance. An increased accumulation of 
eukaryotic translation initiation factors indicates profound cellular reorganization leading 
to programmed cell death (PCD) under stress treatments. Therefore, a change in elF5A 
expression levels with stress induction is related to the cell requirements for new 
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proteins and RNA synthesis (Kosavá et al., 2011). Ndimba et al. (2005) previously 
reported on the increase in abundance of this protein, with stress induction. 
 
The 14-3-3 like protein (spot 6) levels were increased following stress induction in 
ICSB338 sorghum variety. This protein is highly conserved and plays a major role in 
protein-protein interactions. It mediates signal transduction pathways including various 
metabolic processes, hormone cross-talks, gene transcription, protein modification and 
stress responses (Porcel et al., 2006; Takahashi et al., 2007;Sun et al., 2011).  
In this study, higher protein abundance of spot 6 (14-3-3 like protein) was observed in 
ICSB338 suggesting this protein might play an essential role in drought stress 
response. The over expression of a maize ZmGF14-6 gene and OsGF14c in rice 
conferred drought resistance indicating the involvement of 14-3-3 protein in drought 
stress response in plant (Shi et al., 2014).  
 
Amongst the unidentified drought stress responsive proteins, a total of two  
(2; 9) and seven (1; 8; 9; 11; 14; 17) had reduced abundances in ICSV213 and 
ICSB338 respectively (Table 4.4).  Of these, the abundance of spot 9 was reduced in 
both varieties.  Seven spots (4; 8; 10; 11; 14; 17; 19) and one spot (2) had increased 
abundances following stress induction in ICSV213 and ICSB338 respectively.  
The differential regulation in protein abundance between these two varieties serves as a 
possible indication of important roles of these proteins in stress tolerance.   
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4.4 General Discussion 
 
Investigation of the underlying mechanisms of stress adaptation in plants is crucial for 
improving stress tolerance. Most studies on stress adaptation have however been 
focused mainly on changes in gene expression, while far less information is available on 
their protein counterparts. Recently, there has been a marked increase in the number of 
reports on the proteomic studies of plants exposed to various abiotic stresses (Toorchi 
and Kholgi, 2014; Wang et al., 2013; Ngara et al., 2012; Swami et al., 2011) . 
 
These studies have identified a number of proteins differentially regulated by such 
stresses. However, the responses of these identified proteins vary from species to 
species. As a result, there is still a need to analyze a much larger set of stress-related 
proteins in more plant species. A comparative proteomics approach was applied to 
analyze the effects of drought induced hyperosmotic stress on the stem proteome 
during the early stages of anthesis. We compared the proteome pattern of the sorghum 
variety ICSB338 with ICSV213.  Flag leaf is used as an index when making selections 
for drought stress tolerance due to its sensitivity (Boureima et al., 2012); hence it was 
used in this study. Hsp70 is a known stress responsive protein and is expressed in 
response to abiotic stresses (Wang et al., 2004; Ngara et al., 2012). Following water 
stress, Hsp70 abundance levels increased in the flag leaf tissues for both sorghum 
varieties under study. These observations point out that Hsp70 immunoblotting is a 
good experimental indication of stress levels in stressed plants.   
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The observation made from the comparative analysis of 2D gels was that ICSV213 
sorghum variety had more stress inducible protein spots compared to ICSB338 (Table 
4.4). This is a probable indication that ICSV213 expresses more gene products, which 
are directly involved in stress tolerance. The results provide evidence that water deficit 
caused a redirection in sorghum metabolic processes in order to increase the stem 
reserve remobilization efficiency, and to a greater extent in ICSV213. In addition, the 
predominance of stress related proteins in ICSV213 highlights the importance of 
managing ROS and oxidative stress to protect stem cells, and to sustain stem reserve 
remobilization under drought conditions (Bazargani et al., 2011).  
 
These results provide new insights towards gaining a better understanding of molecular 
responses of sorghum to drought stress through regulation of proteins associated with 
stem reserve remobilization. The biological roles of the stress responsive proteins 
identified suggest that these proteins may be important targets for the genetic 
improvement of crops to drought stress. Therefore, these proteins need to be further 
investigated using transgenic approaches so as to determine whether increased 
expression provides a better and more advantageous sorghum variety and whether they 
can be applied as markers for selection and breeding programmes. Further work is also 
needed to identify the remaining candidates whose identities were not successfully 
established in this study with MS/MS approaches. The development of efficient methods 
to maximize protein visualization and resolution has become an important goal in 
applications of 2-DE for proteome analysis.  
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Poor detection of low-abundant proteins can be resolved by the use of: (i) more 
sensitive staining protocols; (ii) protocols optimized for the extraction and solubilization 
of proteins based on cell type and subcellular compartmentation; and (iii) very narrow (1 
pH unit) gradients (Plomion et al., 2006). Non-gel based approaches, such as liquid 
chromatography and multidimensional liquid chromatography coupled with electrospray 
ionization ion trap tandem mass spectrometry should also be incorporated into gel-
based techniques as these provide closely related but distinct information about 
proteins (Monteoliva and Albar, 2004).  
 
Various studies have reported on many proteins that are resolved into multiple spots on 
2-D gels (Ngara et al., 2012; Feller et al., 2008; Rose et al., 2004). As a result, there are 
discrepancies observed between experimentally and theoretically determined isoelectric 
points (pI) and molecular weights (Mr), as was reported for the carbohydrate 
metabolism proteins in this study. These discrepancies are attributed to isoforms 
displaying different signal or target sequences, resulting in shifts in pI and Mr (Plomion 
et al., 2006). Also, in vivo proteolysis or in vitro protein degradation during sample 
preparation could contribute to these variations. Therefore, studies on protein 
posttranslational modifications, as well as protein interactions could also contribute in 
discriminating whether variations in plant proteomes, are naturally occurring (result from 
cellular processes) or artificial. These studies will also help in detailed protein functional 
characterization and to better understand the processes of plant stress acclimation and 
stress tolerance acquisition. 
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CHAPTER 5 
CONCLUSION AND FUTURE OUTLOOK 
 
Drought is among the major limitations to the sustainability of crop productivity in arid 
and semi-arid regions globally. Therefore, the development of agricultural crops with 
increased resistance to drought stress is required to mitigate the rise in cost of limited 
food resources, and to keep pace with the exponential need for renewable energy fuels. 
The success in developing crops with enhanced tolerance to drought stress depends 
upon a basic understanding of the physiological, biochemical and gene regulatory 
responses towards stress. Plants have acquired a variety of whole-plant protection 
mechanisms in response to abiotic stresses. One effective mechanism plants use to 
reduce damage from drought stress is the accumulation of metabolites that act as 
osmoprotectants. Metabolite accumulation in response to stress has been attributed to 
gene regulation. Therefore, the engineering of osmoprotectant biosynthesis pathways 
for improved stress tolerance becomes largely dependent upon the regulatory 
mechanisms of stress-related genes. The use of approaches, which combine 
physiological, metabolic and molecular aspects of drought stress tolerance, is proving 
useful in bridging the knowledge gap between the gene expression studies and plant 
physiology under environmental stress conditions. Different ‘omics’ approaches are 
being used to understand the various processes of molecular networks in response to 
drought, amongst other abiotic stresses.  
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They allow us to obtain a holistic view of how plants respond to a variety of abiotic 
stress conditions. This is due to the ability to look at stress response on a number of 
different cellular levels. In a continued effort to identify stress-related genes, this study 
explored ‘omics’ approaches to investigate the potential role of sugar-biosynthesis 
genes, as well as other novel mechanisms, in conferring drought tolerance in sorghum 
varieties.  
 
Chapter 2 explored the response mechanisms in sorghum varieties at a physiological 
level. The results obtained revealed that sorghum plants undergo a series of changes at 
physiological and biochemical levels with the onset of stress. The reduction of the 
photosynthetic capacity during the period of stress was an indicator that stem reserves 
serve as an alternative energy source under stress conditions. The significant role of 
these stem reserves in osmotic adjustment under stress was highlighted by the 
accumulation of several metabolites, which confirmed stem reserve mobilization. It was 
observed that among the accumulated metabolites, soluble sugars play a major role in 
maintaining homeostasis and modulating plant development under adverse growth 
conditions. These results also suggested that sugar signaling pathways interact with 
stress-related pathways to modulate metabolic plant responses. For this reason the 
study was extended to the role of sucrose, a major photoassimilate and osmoprotectant, 
in stress tolerance through regulatory mechanisms of the sucrose biosynthesis pathway  
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Chapter 3 focused on the regulation of sucrose biosynthesis genes under stressed 
conditions. The differential regulation, at protein and transcript level, under the different 
growth conditions highlighted the significant role of these genes in sorghum stress 
response. In linking the expression levels with sucrose levels among the sorghum 
varieties, it was established that expression was regulated in response to two types of 
stresses: water deficit or osmoticum (sugar concentration) stress. Where a relationship 
was established between sugar levels and gene expression, it could be suggested that 
gene regulation was in response to the influx in sugar concentrations, and therefore 
more related to carbohydrate partitioning for the maintenance of the grain filling capacity 
under stressed conditions. The non-existent pattern observed between sugar levels and 
gene expression in some of the sorghum varieties indicated that gene regulation was 
linked directly to responses towards water deficit. Therefore, other candidate genes 
and/or isoforms of the carbohydrate metabolic pathway could have contributory roles in 
regulating sugar levels under stressed conditions in these varieties.  
 
 For this reason, a comparative proteomic analysis on the regulation of carbohydrate 
metabolism components in response to stress was investigated in Chapter 4, using the 
most stress responsive and least stress response sorghum varieties based on the 
expression studies (Chapter 3). Apart from the sucrose metabolism proteins that were 
influenced by either water or sugar stress, differential regulation was also observed 
amongst other proteins coding for carbohydrate metabolism and other metabolic 
functions. The distinct regulatory patterns observed between these varieties confirmed 
the possible role of other metabolic pathways to stress response.  
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From these results, combined together with the physiology and gene expression work, 
we could conclusively say that variety ICSV213 had the enhanced tolerance towards 
drought-induced stress. Furthermore we could conclude that the role of soluble sugars 
strengthens the foundation on which the genetic engineering of crop plants for regulated 
sucrose biosynthesis under drought conditions can be used to improve stress tolerance 
in stress susceptible sorghum varieties. The value of the sucrose pathway for drought 
tolerance can however be judged only through transgenics or by evidence of solid field 
performance. The role of soluble sugars in plant protection cannot however be limited to 
the modification of the sucrose biosynthesis pathway. Therefore, efforts in identifying 
molecular signaling components that contribute to sorghum function in response to 
stress are mandatory. A starting point would be to conduct further studies at both 
transcriptional and post-translational levels in order to fully elucidate regulatory 
mechanisms of the identified proteins, as well as to characterize their roles in sorghum 
varieties under stress.   
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APPENDICES: Chemicals, stock solutions, buffers and melting curves 
 
Appendix A: List of chemicals used in the study 
Chemical
 
Supplier Catalogue No. 
Acetone Merck SAAR1022040LC 
Acetonitrile Merck 1.00030.2500 
Ammonium hydrogen bicarbonate Merck 1.01131.5000 
40% acrylamide/Bis Solution, 37.5:1(2.6% C) BIO-RAD 161-0148 
Adenosine 5’-triphosphate  Sigma A2383 
Agarose D-1 LE Whitehead Scientific H101119 
Amyloglucosidase Sigma A7095 
Ammonium Persulfate BIO-RAD 161-0700 
100x Bio-Lyte 3/10 Ampholyte BIO-RAD 163-2094 
Anthrone reagent Sigma 10740 
BIO-RAD Protein assay dye reagent concentrate BIO-RAD 500-0006 
Bovine Serum Albumin (BSA) Fraction V Roche 10 735 078 001 
Bromophenol blue sodium salt Sigma B5525 
Calcium nitrate LabChem QF3Q631208 
3-[(3-Cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS) 
Sigma C3023 
Chloroform                Merck            K36315455 
Coomassie® brilliant blue (CBB) R-250 BIO-RAD 161-0400 
Dithiothreitol (DTT) Cleland’s reagent Fermentas R0861 
Sodium dihydrogen phosphate Sigma 71505 
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Glacial acetic acid Merck SAAR1021020LC 
Ethanol Kimix 52/12/67 
Ethylenediaminetetracetic acid Merck SAAR2236020EM 
Fructose Merck SAAR2475000EM 
Fructose-6-phosphate disodium salt hydrate Sigma F3627 
Glucose LabChem 003352 
Glucose-6-phosphate Dehydrogenase Sigma G2921 
Glucose-6-phosphate disodium salt hydrate Sigma G7879 
Glycerol Merck 2676520LC 
Glycine BIO-RAD 161-0724 
4-(2-Hydroxyethyl) piperazin-1-ethanosulfonic acid Sigma H0887 
Hydrochloric acid Merck 306 30 40 LP 
Iodoacetamide BIO-RAD 163-2109 
 Magnesium chloride Merck 4122980EM 
Methanol Merck SAAR4164080LC 
Mineral Oil GE HealthCare 17-1335-01 
Nicotinamide adenine dinucleotide reduced 
dipotassium salt 
Sigma 
N4505 
Nicotinamide adenine dinucleotide  Sigma N7004 
PageRulerTM unstained protein ladder Fermentas SM0661 
Phosphoglucomutase Sigma P3397 
Phospho(enol) pyruvate Sigma P7252 
Polyvinylpolypyrrolidone Sigma 77627 
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Potassium chloride Sigma 60132 
Potassium dihydrogen phosphate LabChem 1310402 
Potassium hydroxide pellets Merck 1.05033.0500 
Protease inhibitor Sigma P2714 
Pyruvate kinase/ Lactic Dehydrogenase Sigma P0294 
Sephadex 25 Sigma G2580 
Sodium acetae Merck 582098EM 
Sodium chloride Merck 5822300EM 
Sodium dodecyl sulfate (SDS) BIO-RAD 161-0302 
Sodium pyrophosphate Sigma P8010 
Sulphuric acid Kimix A1076/07 
Sucrose Merck SAAR5881500EM 
N,N,N’,N’-Tetramethylethylenediamine (TEMED) Sigma T9281 
Thiourea Sigma T8656 
Trifluoroacetic acid (TFA Merck 8.08260.0100 
Tris (hydroxymethyl)-aminomethane BIO-RAD 161-0719 
Trypsin Promega V5111 
Urea Sigma U0631 
Uridine 5’- diphosphate disodium salt hydrate Sigma 94330 
Uridine 5’- diphosphate-D-glucose Sigma 94335 
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Appendix B: Preparation of 12% resolving and 5% stacking gels for SDS-PAGE 
Constituents 12% resolving (ml) 5% stacking (ml) 
Distilled water 2.15 1.85 
40% Acrylamide 1.5 0.315 
1.5M Tris-HCl pH 8.8 1.25 - 
0.5 M Tris-HCl pH 6.8 - 0.315 
10% SDS 0.05 0.025 
10% APS 0.05 0.025 
TEMED 
 
0.004 0.0025 
 
 
Appendix C: General Stock Solutions and Buffers  
80% Acetone: 80 (v/v) in distilled water 
Blocking solution: 0.5% (w/v) Elite fat free instant milk powder in TBS 
Blocking solution: 1% (w/v) Elite fat free instant milk powder in TBS 
Bradford reagent: 1 part BIO-RAD Protein Assay dye reagent concentrate diluted with 4 parts 
distilled water 
 1 mg/ml BSA stock solution: 1 mg/ml BSA in urea buffer 
1.25% (w/v) CBB stock solution: 1.25% (w/v) CBB R-250 in distilled water 
CBB staining solution I: 50 ml of 1.25% (w/v) CBB stock solution, 10% (v/v) glacial acetic acid 
and 25% (v/v) propan-2-ol in distilled water 
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CBB staining solution II: 6.25 ml of 1.25% (w/v) CBB stock solution, 10% (v/v) glacial acetic 
acid and 10% (v/v) propan-2-ol in distilled water 
CBB staining solution III: 6.25 ml of 1.25% (w/v) CBB stock solution and 10% (v/v) glacial 
acetic acid in distilled water 
 Destaining solution: 10% (v/v) acetic acid and 1% (v/v) glycerol in distilled water 
50% DTT: 50% (w/v) DTT in urea buffer 
Equilibration base buffer I: 6M urea, 2% SDS, 0.375M Tris-HCL (pH 8.8); 20% glycerol and 
2% DTT 
Equilibration base buffer II: 6M urea, 2% SDS, 0.375 M Tris-HCL (pH 8.8), 20% glycerol and 
2. 5% iodoacetamide 
2X SDS sample loading buffer: 60 mM Tris pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 200 mM 
DTT, 0.025% (w/v) bromophenol blue 
1X SDS-PAGE running buffer: 25 mM Tris, 192 mM glycine containing 0.1% (w/v) SDS. 
Tris-buffered saline (TBS): 50 mM Tris and 150 mM NaCl, pH 7.5. 
 TBST: TBS containing 0.1% (v/v) Tween 20 
0.5 M Tris-HCl, pH 6.8: 0.5 M Tris in distilled water adjusted to pH 6.8 with concentrated HCl 
1.5 M Tris- HCl, pH 8.8: 1.5 M Tris in distilled water adjusted to pH 8.8 with concentrated HCl 
Urea buffer: 9 M urea, 2 M thiourea and 4% 3 [(Cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS)  
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Figure A: Melt curve analysis of sorghum genes indicating single products for housekeeping genes: (A) ubiquitin, (B) 18S RNA and (C) actin  
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Figure B: Melt curve analysis of sorghum genes indicating single products for sucrose biosynthesis 
genes.(A) sucrose phosphate synthase, (B) soluble Invertase, (C) sucrose synthase and (D) sucrose 
transporter 
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